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Abstract 
 
Microplastic pollution in the marine environment is of increasing global concern and, therefore, 
determining the effect of its presence on marine organisms should be a research priority. 
Although ingestion and adverse effects of microplastics have been confirmed for multiple 
marine taxa, limited studies have assessed ingestion of microplastics by marine invertebrate 
larvae and the related effects. Determining the effects of microplastic ingestion by marine 
organisms, especially during the sensitive larval stages, is an important step in understanding 
wider ecosystem responses. Thus, in the present study 7- and 14-day post-fertilization (dpf) 
planktotrophic pluteus larvae of the sea urchin Pseudechinus huttoni were used as model 
organisms to investigate ingestion and retention of 1–5 µm fluorescent green spherical 
microplastics (10, 100, 1000, 10,000 mL-1). In addition, the lethal and sub-lethal responses of 
7 dpf larvae to a short-term, 10-day exposure of 1–4 µm spherical polyethylene microplastics 
at varying concentrations (10, 100, 1000 mL-1) were evaluated. Survival, development, and 
oxidative damage were used as measures to identify adverse effects. Development was 
assessed by measuring nine different morphometric dimensions over the experimental period, 
while the difference in post-oral arm length was used as a measure for abnormal development. 
To identify the oxidative stress defence mechanisms activated in response to microplastic 
exposure, antioxidant enzymes, lipid peroxidation, and protein carbonylation in the whole-
body tissues of P. huttoni larvae were assessed.  
 
Microplastics were ingested by larvae in a dose-dependent manner and were retained for up to 
90 (7 dpf larvae) and 150 min (14 dpf larvae) within the gut, before egestion. Survival, as 
measured by larval density, over the experimental period was not significantly affected by 
microplastic exposure at any of the concentrations tested. In contrast, following exposure to 
microplastics, a teratogenic response in terms of delayed development, resulted in an increase 
of larval arm asymmetry. Furthermore, detailed measures indicated body length and post-oral 
arm gap were significantly affected by microplastic exposure. More strikingly, short-term 
microplastic exposure resulted in oxidative lipid and protein damage in larval body tissue 
despite a significant upregulation of antioxidant defences, indicating the potential for oxidative 





Results of the present study indicate the necessity to further investigate the effects of 
microplastic exposure on the early life stages of marine invertebrates, as well as broadening 
the experimental duration to include processes such as settlement and metamorphosis. 
Microplastic-induced adverse effects in these sensitive stages of their life cycle may have 
consequences on recruitment and ecosystem dynamics in the marine environment, however 
due to many knowledge gaps, particularly on the abundance of microplastics in the size range 
used in the present study, it is difficult to conclude to what degree microplastics are a threat. 
Moreover, the multiple stressors marine invertebrate larvae face in the marine environment 
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Chapter 1 General introduction 
 
1.1. Plastic pollution in the marine environment 
 
Plastics are synthetic materials made from a range of monomers (Crawford 1998). These 
monomers, extracted from oil or gas, are reacted with each other, or polymerised, to form long 
chains of repeating units called polymers (Millet et al. 2018). Polystyrene, for example, is 
formed from styrene monomers, and polyethylene from ethylene monomers. Unique properties 
of plastics such as high durability, light weight, low production cost, and versatility for 
different applications are attributed to its global success (Andrady 2011) (Table 1.1). The most 
commonly produced polymers include polyethylene, polypropylene, and polyvinylchloride 
(Geyer et al. 2017). Since the introduction of plastic in the 1930s, mass production to fulfil 
global demand has substantially increased, especially over the past half century. Annual global 
plastic production increased from 1.5 million tons (MT) in 1950 to 370 MT by 2019 
(PlasticsEurope 2009; 2020). This growth in production, and in turn the resulting plastic waste, 
is predicted to accelerate due to increased population and per capita consumption associated 
with economic growth (Jambeck et al. 2015). 
 
Despite its durability, ~50% of the plastic produced is disposed of after its intended single-use 
(Hopewell et al. 2009), with estimates suggesting that only 30% of all plastics ever made are 
currently in use (Geyer et al. 2017). To date, there is limited knowledge on the scale and nature 
of New Zealand’s plastic waste problem due to severe data deficiencies (Blumhardt 2018). 
From the data available, the proportion of plastic waste at municipal waste disposal facilities 
increased from ~8% in 2008 to ~15% in 2012 (Ministry for the Environment 2017a). However, 
these levied landfills represent only 11% of New Zealand landfills, handling around 30% of 
total waste (Blumhardt 2018), therefore the amount of waste disposal is likely underestimated. 
As waste, durability (one of the key benefits of plastics) becomes the fundamental issue. 
Current estimates of the longevity of plastics range from hundreds to thousands of years, 
however since mass-production of plastic has only existed for ~60 years it is difficult to know 
the true temporal scale of persistence (Barnes et al. 2009). Most conventional plastics such as 
polyethylene and polystyrene are termed degradable, meaning they degrade but only into 
smaller fragments, whereas plastics that are able to be consumed by microorganisms as food 




focussing on the potential use of microorganisms to biodegrade plastics previously thought to 
be only degradable, for example microorganisms within the gut of mealworms (larvae of 
Tenebrio molitor) (Brandon et al. 2018). 
 
Table 1.1. Percentage of polymers produced and their common uses. 
Polymer Common uses % produced 
Polyethylene (PE) Toys, reusable bags, milk bottles 36 
Polypropylene (PP) Food packaging, automotive parts, bank notes 21 
Polyvinylchloride (PVC) Pipes, window frames, cable insulation 12 
Polyethylene terephthalate (PET) Bottles for water, soft drinks, juices, cleaners etc. <10 
Polyurethane (PUR) Building insulation, pillows, and mattresses <10 
Polystyrene (PS) Plastic cups, packaging, eyeglasses frames <10 
Source: Geyer et al. 2017; PlasticsEurope 2018 
 
Inadequate waste disposal has resulted in plastics entering the marine environment from land-
based sources including rivers, storm water runoff, and waste water outflows, with subsequent 
transport by wind or tides (GESAMP 2016). Additionally, plastic can enter the marine 
environment through sea-based sources including aquaculture, fishing, and shipping activities. 
An estimated 4.8 to 12.7 MT of mismanaged land-based plastic waste entered the oceans in 
2010 and is predicted to increase by an order of magnitude by 2025 (Jambeck et al. 2015). The 
first observation of plastic in the marine environment was reported in the 1970s (Carpenter & 
Smith 1972). Current estimates of plastic debris present in the marine environment vary, for 
example in 2014, it was estimated that 5.25 trillion particles weighing 268,940 tons existed on 
the open ocean surface (Eriksen et al. 2014). However, this estimate excludes plastic debris 
below the ocean surface layer, therefore omitting negatively buoyant plastic types, for example 
polyvinylchloride. Using a modelling approach, Koelmans et al. (2017) predicted 99.8% of the 
plastic that had entered the ocean since 1950 had settled below the ocean surface layer by 2016, 




In recent years, scientific focus has increasingly shifted from macroplastic pollution in the 
marine environment towards smaller plastic particles (<5 mm) termed microplastics (Arthur et 
al. 2009). While this upper limit is widely accepted, the majority of definitions do not include 
a lower size limit, with studies commonly stating their chosen lower limit. A lower limit 




used for even smaller plastic particles, tend to be described as <1 μm. In this thesis, the term 
microplastics will be used to describe plastic particles between 1 μm and 5 mm. It is evident 
that the scientific community requires agreement upon definition and categorisation 
framework, as the use of different definitions between studies leads to several issues such as 
incomparable data (Hartmann et al. 2019).  
 
Based on their origin, microplastics can be classified as primary or secondary (GESAMP 
2015). Primary microplastics are manufactured purposefully for particular industrial or 
domestic application such as personal care and cosmetic products (Guerranti et al. 2019), air-
blasting media (Gregory 1996), and virgin pellets (Ogata et al. 2009). Policies to reduce 
primary microplastic pollution via personal care products have been put in place globally. In 
New Zealand, the manufacture and sale of personal care products that contain microbeads was 
prohibited in 2018 (Ministry for the Environment 2017b), as these particles often enter the 
marine environment due to inadequate filtration at waste water treatments plants (Talvitie et 
al. 2017). By contrast, secondary microplastics originate from the fragmentation of larger 
plastic debris through processes such as mechanical abrasion, biodegradation, and 
photodegradation (Auta et al. 2017). The presence of microplastics in the marine environment 
has been documented in scientific literature as early as the 1970s (Carpenter & Smith 1972) 
and has since been identified globally across various marine ecosystems including sandy 
beaches (Bridson et al. 2020), deep-sea habitats (Courtene-Jones et al. 2020), and Antarctic sea 
ice (Kelly et al. 2020). Distribution of microplastics in the marine environment is strongly 
influenced by particle properties, such as density, shape, and size. Density, for example, 
determines where microplastics are located in the water column and depends on the material 
composition, with plastic being either more dense (e.g. polystyrene) or lighter (e.g. 
polyethylene) than seawater (Kaiser et al. 2017). However, low density plastic has been found 
on the sea floor which validates the existence of mechanisms that facilitate sinking (Kaiser et 
al. 2017). One such mechanism is biofouling: a successive build-up of organic matter and 
organisms which increases the specific density of the plastic particle colonised (Kaiser et al. 
2017).  
 
Microplastic concentrations tend to be high along coastlines, in particular those that are located 
in proximity to urban areas, and ocean gyres (Cole et al. 2011). Estimates of microplastic 
abundance in the marine environment vary considerably, with reported concentrations differing 




studies (Miller et al. 2017). Additionally, due to limitations in sampling methods, most reported 
abundances rarely include microplastics <300 μm (Hidalgo-Ruz et al. 2012) and, therefore, 
reported concentrations are likely to be highly underestimated. For instance, Barrows et al. 
(2017) found grab sampling collected over three orders of magnitude more microplastic per 
volume of water than sampling with a neuston net. Concentrations of microplastics on the 
lower end of the size range (i.e. <100 μm) are not well known in the marine environment, with 
few studies investigating their abundances (Enders et al. 2015) (Table 1.2).  
 
Microplastic abundance is expected to increase as macroplastic already existing in the marine 
environment degrades into smaller fragments (Cole et al. 2011). Archived plastic samples 
collected in the western North Atlantic Ocean over 24 years revealed a decrease in mean 
particle size from 10.66 mm in the 1990s to 5.05 mm in the 2000s (Morét-Ferguson et al. 2010). 
Temporal increases in abundance have been reported in several locations. A time series, 
produced through particles captured in Continuous Plankton Recorder samples, showed a 
significant increase in the abundance of plastic in the North East Atlantic between the 1960s 
and 1990s (Thompson et al. 2004). In the North Pacific Subtropical Gyre, microplastic 
abundance increased by two orders of magnitude between 1972-87 to 1999-2010 (Goldstein et 
al. 2012). Additionally, there is evidence to suggest polar sea ice acts as a sink and source for 
microplastics, implying that as the icecaps recede due to global warming, microplastic  
particles will be released into the marine environment (Obbard et al. 2014). Obbard et al. (2014) 
found Arctic Sea ice from remote locations contained concentrations of microplastics several 
orders of magnitude greater than highly contaminated surface waters, such as the Pacific Gyre.  
 
Table 1.2. Numbers of microplastics ≤100 μm that have been detected in water samples in the 
marine environment at different locations globally 
Location Lower size limit Sampling method Particle 
abundance 
Reference 
West coast, Sweden 80 μm Surface seawater 
collection 
150 – 2400 m-3 Norén 2007 
Atlantic Ocean 10 μm Continuous intake  13 – 501 m-3 Enders et al. 2015 
Baltic Sea 100 μm Pump 0 – 6.8 m-3 Setälä et al. 2016 
Ross Sea, 
Antarctica 
1 μm Continuous intake 0.0032 – 1.18 m-3 Cincinelli et al. 2017 
Terengganu Coast, 
Malaysia 
20 μm Surface seawater 
collection  






There have been limited studies on the extent of microplastic pollution in New Zealand. 
Between 1972 and 1976, a survey of over 300 New Zealand beaches found virgin plastic pellets 
and granules were widely distributed, originating from accidental spillage during transport and 
handling (Gregory 1978). Additionally, the incidence of ingested pellets in beach-wrecked 
prions was reported during a 21 year period from 1958 to 1977 (Harper & Fowler 1987). More 
recently, microplastics were isolated from coastline sediment in the Canterbury region 
(Clunies-Ross et al. 2015) and the presence of ingested microplastics in green-lipped mussels 
has been confirmed (Webb et al. 2019). The effects of microplastics on sponges have been 
investigated (pers. comm. Baird 2016), however, these data have yet to be published in a peer-
reviewed journal. There have been no published studies in New Zealand on the concentration 
of microplastic in the water column and marine benthic sediment.  
 
1.3. Microplastic ingestion in the marine environment 
 
Due to their small size, microplastics are able to be ingested by a large variety of marine 
organisms of different sizes, feeding strategies, and trophic levels. Microplastics have been 
found in a range of organisms, including zooplankton (Botterell et al. 2019), bivalves (Webb 
et al. 2019), fish (Markic et al. 2020), and cetaceans (Moore et al. 2020). Additionally, many 
marine organisms have been shown to ingest microplastics in controlled laboratory conditions 
(see review GESAMP 2015). Moreover, prior studies have demonstrated that trophic transfer 
of particles can occur, whereby microplastics are passed from one organism to another 
(Carbery et al. 201), for example from fish to seals (Nelms et al. 2018) and from mussels to 
crabs (Farrell & Nelson 2013). This presents a problem to humans, as microplastics may 
indirectly enter and contaminate seafood supply (Van Cauwenberghe & Janssen 2014), with 
potential implications for human health (Mercogliano et al., 2020). 
 
Factors including concentration, size, shape, colour, biofouling, and exposure duration of 
particles, in addition to food availability and the feeding strategy of the organism, influence 
ingestion and retention of microplastics. Microplastics can be taken up through a number of 
mechanisms including ventilation processes (Leads et al. 2019), adherence to soft body tissues 
(Kolandhasamy et al. 2018), and when mistaken as food (Vroom et al. 2017). The size of the 
particle that is able to be consumed is likely limited by the gape size of the organism’s 




the mouths of the larvae of the sea urchin Strongylocentrotus purpuratus. Similarly, Vroom et 
al. (2017) found ingestion of microplastics was dependent on plastic size, with the planktonic 
copepod species Calanus finmarchicus ingesting more 15 μm particles compared to 30 μm 
particles.  
 
The effect of microplastic ingestion can be species-specific. For example, some experience 
adverse effects such as reduced feeding (e.g. copepods: Cole et al. 2013) while others show 
negligible effects on development and feeding capacity (e.g., oyster larvae: Cole & Galloway 
2015). Reported adverse effects include increased immunological responses (Murano et al., 
2020), gut blockages (Mazurais et al. 2015), physiological responses (Lanctôt et al. 2020), and 
reduced energy reserves (Yin et al. 2019). Ingested microplastics may also pose a risk of 
toxicity, as additives are incorporated into plastic during their manufacture. Leaching of these 
components, such as phthalates and bisphenol A (BPA), are capable of affecting reproduction 
and impairing development, and have been shown to bioaccumulate in organisms (Oehlmann 
et al. 2009). 
 
1.4. Oxidative damage 
 
Oxidative damage is a fundamental component of the stress responses of many marine 
organisms and can result from changes in environmental conditions such as exposure to 
pollutants (Lesser 2006). Cellular activity requires oxidants to be balanced by antioxidants and 
an imbalance between the two, favouring the oxidants, can lead to oxidative damage (Sies 
1997). Reactive oxygen species (ROS) are the by-products of aerobic metabolism and are 
required to be inactivated continuously, even in the absence of stress (Sies 1993). Common 
cellular sites of ROS production include the mitochondria, the endoplasmic reticulum, and 
microbodies (Lesser 2006). Excess ROS can disrupt membrane lipids, cause protein oxidation, 
inhibit enzyme activity and damage DNA, impacting the fitness and survival of marine 
organisms (Halliwell & Gutteridge 2007). ROS include the superoxide radical (O2-), singlet 
oxygen (1O2), hydrogen peroxide (H2O2), and the hydroxyl radical (•OH) (Halliwell & 
Gutteridge 2007). H2O2 readily diffuses across biological membranes due to being uncharged 
and can damage DNA and result in programmed cell death, or apoptosis (Lesser 2006). The 




the ROS as it reacts non-specifically with most cellular components, especially lipids (Lesser 
2006).  
 
The activities and levels of enzymatic and non-enzymatic antioxidants are commonly used as 
molecular biomarkers of oxidative stress, and have been indicated in response to variety of 
environmental contaminants in the marine environment (Valavanidis et al. 2006). For example, 
oxidative damage and antioxidant levels were assessed in larvae of the sea urchin Tripneustes 
gratilla in response to ultraviolet (UV) radiation (Lister et al. 2010). There is potential for 
oxidative stress biomarkers to provide early warning signs of the impacts of exposure to 
stressors, including anthropogenic pollution such as microplastics. However, few studies have 
included oxidative stress as a measured adverse effect caused by microplastic ingestion in 
marine organisms, and even fewer studies exist that include marine invertebrate larvae (Table 
1.3). 
 
Table 1.3. Studies assessing microplastic-induced oxidative stress in marine invertebrates. 
Excludes studies using nanoplastics exclusively. Studies involving larvae are indicated * 
Study organism Size and type Concentration Exposure 
period 
Main finding Reference 
Blue mussel 
(Mytilus edulis) 





2.5 g L-1 3, 6, 12, 
24, 48, 




















and with PAH 
(pyrene) added) 
1.5 g L-1 
 
(50 μg mL-1 
pyrene) 
7 days ¯ Activities of 
CAT and GPx 
indicate short-
term exposure 
does not induce 
major oxidative 
stress 











10 μg mL-1 
 
24 h ­ Antioxidant 
enzymes in a 
size-dependent 
manner 




2 and 6 μm 
polystyrene mix 
32 μg L-1 
 
(30 mg L-1 
fluoranthene) 









(virgin and with 
PAH (fluoranthene) 
added) 


























0.05, 0.5, and 6 μm 
polystyrene 
microbeads 
0.1, 1, 10, and 
20  μg mL--1 
24 h ­ antioxidant 
enzymes 
increased 











200 and 2000 
particles kg-1 of 
sediment 
 

























100, and 1000 
mL--1 
 




96 h ­ activities of 
CAT and GPx 
indicating 
oxidative stress 
Magara et al. 
2018 
 
1.5. Use of microplastics to investigate the feeding ecology of sea urchin larvae 
 
Early studies investigating particle capture by marine invertebrate larvae used plastic spheres 
for experimental purposes (Table 1.4), however the use of these particles was not driven by the 
need to understand microplastic ingestion due to its presence in the marine environment. 
Spherical microplastics were instead chosen for larval feeding studies as they are readily caught 
and ingested by larvae at high rates without measurable satiation, and are easily seen and 








Table 1.4. Laboratory studies using microplastics to investigate feeding ecology of marine 
invertebrate larvae. Experiments were not conducted under the premise that microplastic 
ingestion is a concern in the marine environment. 
Organism Microplastic Concentration  Exposure 
time 
Reference 
Various larvae and 
zooplankton 
1.3 and 2.7 μm Unknown While 
filming 










Polystyrene 2 and 10 μm 
 




Polystyrene 10 and 20 
μm  




Polystyrene 10 and 20 
μm 
1.5 – 5.4 μL-1 7 min Appelmans 1994 
Sea urchin  
Brisaster latifrons 
Polystyrene 10, 15, and 
20 μm 




Figure 1.1. Capture of a polystyrene sphere by an 8 day post-fertilisation Dendraster 





1.6. Study organism Pseudechinus huttoni 
 
Sea urchins occupy keystone positions in a range of ecosystems from Antarctic to temperate to 
tropical, and are often the dominant grazers in many communities (Lawrence 2007; Dupont et 
al. 2010). Sea urchins are an important part of the food chain as prey for carnivorous fish and 
crustaceans, and changes in their survival or growth can lead to ecosystem scale shifts (Dupont 
et al. 2010). The larval stage of echinoderms represents a critical period in their life cycle as 
decreases in larval survival rate and settlement success may reduce the long-term viability of 
adult populations (McEdward & Miner 2007; Martin et al. 2011). Moreover, early life history 
stages of broadcast spawners such as sea urchins have increased sensitivity relative to later life 
history stages (Byrne et al. 2009). Consequently, echinoderm larvae have been extensively 
used as model organisms in developmental biology and ecotoxicology to assess the effects of 
external stressors. Sea urchin species such as T. gratilla (Kaposi et al. 2014) and Paracentrotus 
lividus (Martínez-Gómez et al. 2017; Messinetti et al. 2018) have been previously used to 
investigate microplastic ingestion. 
 
The New Zealand temperate sea urchin, Pseudechinus huttoni (Benham 1908) (Fig. 1.1), 
inhabits the continental shelf at depths from 30 to 550 m, and within New Zealand’s southern 
fiords at depths as shallow as 9 m (Kirby et al. 2006). The endemic species is typically found 
on coarse-grained sediments, as well as on rocky substrates (Poorbagher et al. 2010). When 
gut contents of adult P. huttoni were examined, small rocks, wood, algae, and unidentified 
materials were found, suggesting the species is omnivorous (Poorbagher et al. 2010). In 
experimental conditions, adult P. huttoni have been known to feed on macroalgae (e.g. 







Figure 1.2. The adult sea urchin Pseudechinus huttoni at 12 m in Doubtful Sound, New 
Zealand. Individuals are approximately 6-8 cm diameter. 
 
P. huttoni has a relatively well-defined annual reproductive cycle, with spawning occurring in 
May-September (Poorbagher et al. 2010). P. huttoni are gonochoric and broadcast spawners 
that release eggs and sperm into the water column (Siikavuopio & James 2011). The fertilised 
eggs of sea urchins develop through blastula and gastrula to pluteus, at which time egg nutrients 
are consumed (Hinegardner 1969). This period consists of facultative feeding whereby larvae 
can feed but do not require food for development due to the availability of maternal provisions 
(Byrne et al. 2008). Once egg energetic reserves are exhausted, obligate feeding begins and 
larvae depend on exogenous nutrients for further development, with planktotrophic 
echinoplutei eventually undergoing metamorphosis into the adult form (Hinegardner 1969; 
McEdward & Miner 2001). P. huttoni has small (300–1500 µm) planktotrophic larvae, with 
their natural food source being similar in size to microplastics (4–10 µm) (Poorbagher et al. 
2010). The temperature range for normal development of P. huttoni is between 7–19°C 
(McClary & Sewell 2003). At 12–14°C, P. huttoni reach the 4-arm pluteus stage 5 days post-








1.6. Thesis aims and outline 
 
This thesis aims to investigate the impact of microplastics on larvae of the sea urchin 
Pseudechinus huttoni. This life stage has a planktonic period in the water column, during which 
encounters with microplastics are likely. Therefore, it is crucial we understand the ingestion 
and retention of microplastics by P. huttoni larvae and the potential impact microplastic 
exposure has on their survival, development, and physiology.  Planktotrophic sea urchin larvae 
provide a useful model organism to examine the effects of microplastic exposure due to their 
important role in ecosystems, their extensively studied development, and their natural food 
source being similar in size to microplastics. 
 
The general objectives of the thesis are to: (1) investigate whether P. huttoni larvae have the 
capacity to ingest and egest microplastics; (2) assess the effects of microplastic exposure on 
larval survival and development; and (3) evaluate whether oxidative stress biomarkers provide 
an effective tool for assessing impacts of microplastic exposure in P. huttoni larvae. While sea 
urchin larvae have been used in microplastic ingestion studies previously (Kaposi et al. 2014), 
there have been no investigations with regards to microplastic-induced oxidative stress. 
 
These objectives are addressed in the following the chapters: 
 
Chapter 2 outlines the ingestion and retention of microplastics by P. huttoni larvae at two 
developmental stages; 7 and 14 days post-fertilisation.  
 
Chapter 3 outlines the effects of microplastic exposure on survival, development, and oxidative 
stress of P. huttoni larvae. 
 
Chapter 4 discusses the overall findings and conclusions of this thesis. Potential implications 
















Microplastics can be ingested via a number of different mechanisms including ventilation 
processes (Watts et al. 2014), adherence to soft body tissues (Kolandhasamy et al. 2018), and 
when mistaken as food (Cole et al. 2011). Owing to their small size, ingested microplastics 
haven been found in a range of marine organisms that occupy different habitats, including 
demersal and pelagic fish (Lusher et al. 2013), zooplankton (Desforges et al. 2015), and 
bivalves (Van Cauwenberghe & Janssen 2014). Additionally, many marine organisms have 
been shown to ingest microplastics in controlled laboratory conditions (see review GESAMP 
2015). Moreover, prior studies have demonstrated that trophic transfer occurs, whereby 
microplastics are passed from one organism to another (Farrell & Nelson 2013). A number of 
marine invertebrate species have been observed to ingest microplastics, however there are still 
limited studies investigating ingestion by their early larval life stage (Table 2.1). As small 
microplastics occupy the same size range as microalgal species (i.e. <10 μm), they can readily 
be mistaken for food by larvae and, given the widespread presence of microplastics in the water 
column, interactions between larvae and microplastics are likely.  
 
Table 2.1. Laboratory studies assessing microplastic ingestion by marine invertebrate larvae. 
Excludes studies using nanoplastics exclusively.   










polystyrene 7.3 μm 
 
Yellow fluorescent 
polystyrene 20.6 μm 
3000 particles mL-1 
 
 
2240 particles mL-1 




0.07, 0.16, 0.87, 1.84, 
4.1, 7.3, 10.2, and 20.3 
μm 






polyethylene 10-45 μm 
1, 10, 100, 300 
particles mL-1 
1, 2, 3, 4, 5 
days 


















0.005, 0.5, 5 g L-1 






50, 100, 500, 1000, 
5000, 10,000 
particles mL-1 






Red polystyrene 10 μm 0.125, 1.25, 12.5, 
25 μg mL-1 
1 h Messinetti et al. 
2018 
 
Echinoderm larvae feed on bacteria and phytoplankton, supplemented by active uptake of 
dissolved organic matter, with laboratory experiments showing ingestion of almost any alga or 
particle within the appropriate size (Strathmann 1975; Hart 1996). Several studies between the 
1970s and late 1990s used microplastics to assess particle uptake and feeding mechanisms of 
marine invertebrate larvae, including sea urchin species Lytechinus anamesus (Strathmann et 
al. 1972), S. purpuratus (Hart 1991), and Brisaster latifrons (Hart 1996). These studies, 
however, were not conducted under the premise that microplastics were present in the marine 
environment and consequently ingested by larvae in the ocean (see Chapter 1.5). More recently, 
larvae of the sea urchin T. gratilla have been used to investigate microplastic ingestion, with 
larvae found to readily ingest microplastics in a dose-dependent manner (Kaposi et al. 2014). 
 
Sea urchin larvae are useful for direct observation of particle capture as they are relatively 
transparent, and particle captures are sufficiently slow events that can be counted and described 
with some precision (Hart 1991). Suspension feeding by echinoderm larvae has been 
comprehensively described in numerous studies, and involves producing a water current, 
filtering or clearing particles from it, and transporting particles to the mouth for ingestion, 
(Strathmann 1971; Strathmann et al. 1972; Hart 1991). Planktotrophic echinoplutei have a 
complex array of arms supported by skeletal rods and bordered by ciliated bands which 
function in feeding and locomotion (Byrne et al. 2001). Cilia beat at right angles to the ciliated 
band to produce a water current that propels the larva and brings particles close (Hart 1996). 
Particles tend to be captured at the ciliated band by a brief localised reversal of ciliary beat in 
response to a particle of close proximity to the larva (Hart 1996). Captured particles are 
concentrated on the circumoral field, transported to the mouth, and swallowed through 
contraction of the circular muscles located at the oesophagus and an opening of the sphincter 




in larvae include the stage of development, condition of the larva, and concentration and type 
of particles (Strathmann 1975).  
 
Particles are able to be ejected from the buccal cavity by ciliary reversal, and from the 
oesophagus by contraction of oesophageal muscles (Strathmann 1971). Rejection is stimulated 
by high concentrations of particles or particles unsuitable as food, for example particles too 
large to be ingested. Within the gut of echinoderm larvae, observations of particle sorting have 
been made. Strathmann (1971) fed algae and other particles (carmine and calcium carbonate) 
to echinoderm larvae, including the sea urchin larva Strongylocentrotus droebachiensis, in a 
mixed suspension. Algal cells remained in the stomach while the other particles were passed 
from stomach to intestine and defecated. Less complete separation, where some algal cells were 
eliminated along with other particles, was observed in larvae that ingested a large total quantity 
of particles. The rate of passage through the gut is determined largely by the rate of ingestion, 
i.e. when larvae ingest microalgae at high rates, the algal cells pass through the gut more 
rapidly. In a study conducted by Strathmann (1971), the most rapid passage of particles 




Determining the rate of ingestion and egestion needs to be established before the impacts of 
microplastic exposure can be considered. The present study aimed to assess ingestion and 
retention of microplastics by P. huttoni larvae during a short-term exposure period. To explore 
the hypotheses that P. huttoni larvae ingest microplastics, with dose-dependent uptake, and 
egest microplastics successfully (Kaposi et al. 2014; Capolupo et al. 2018; Messinetti et al. 
2018), larvae at two different developmental stages were exposed to 1–5 μm spherical 
fluorescent green microplastics at varying concentrations for 24 h and analysed using 
fluorescence microscopy. The retention of ingested particles by larvae was evaluated by 











2.2.1. Study organism and larval production 
 
Adult P. huttoni were collected by SCUBA divers from Doubtful Sound, New Zealand 
(42°25′S, 170°56′E, depth 10–14 m) on 6 June 2019 and transported to the Portobello Marine 
Laboratory, Dunedin, New Zealand, where they were maintained  in flow-through tanks fed ad 
libitum with M. pyrifera until required for spawning. Adult P. huttoni were induced to spawn 
by intracoelomic injections of 2 mL 0.5 M KCl, and gametes were collected in beakers 
containing UV-FSW. Dilute sperm was collected by Pasteur pipet and added to the egg 
suspension, and successful fertilisation (>90%) was microscopically confirmed by observing 
the presence of a fertilisation envelope (Fig. 2.2). To remove excess sperm, embryos were 
rinsed several times by allowing the embryos to settle, decanting the FSW, and subsequently 
adding fresh FSW. The embryos were transferred to several 1 L glass beakers, allowing a 
monolayer of embryos to form on the bottom on each beaker, and incubated in FSW until they 
attained the free-swimming blastula stage. Larvae were then pooled into a 20 L bucket and the 
concentration of larvae was determined by taking thirty, 1 mL aliquots and enumerating the 
number of larvae in each aliquot. Aliquots were collected below the surface of the water using 
an Eppendorf® pipette after thorough agitation of the FSW. Larvae were reared in a controlled 
temperature room, at a constant temperature of 14°C under a 12 h light/12 h dark photoperiod, 
in 2 L glass jars rotated continuously on a motorised roller system to keep larvae and food 
suspended in the seawater (Fig. 2.3). Every second day, the FSW was replaced and larvae were 










Figure 2.2. Motorised roller system to rear Pseudechinus huttoni larvae for microplastic 









To determine if P. huttoni larvae ingest microplastics, larvae were exposed to spherical 
fluorescent green microplastics ranging 1–5 μm, with densities of 1.3 g cm-3 (proprietary 
polymer, FMG-1.3, Cospheric LLC, Goleta, USA). Fluorescent microplastics were chosen to 
facilitate microscopic identification once ingested by larvae, however the polymer type was 
not disclosed for these particles (pers comm. Cospheric LLC, Goleta, USA). As the effects of 
ingestion were not included in this experiment, verification of polymer type was not necessary 
for the present study. A stock solution was prepared in 0.1% Tween-20 as per the 
manufacturer’s instructions. Tween-20 is a polysorbate nonionic surfactant commonly used to 




P. huttoni larvae (7 and 14 dpf) were transferred to glass beakers and cultured at a density of 
~13 larvae mL-1 in a total volume of 50 mL FSW. Microplastics were added to each beaker to 
obtain final nominal concentrations of 10, 100, 1000, and 10,000 microplastics mL-1, with 
treatments performed in quadruplicate. Cultures were placed randomly on two orbital shakers 
at a speed of 45 RPM to keep larvae and microplastics in suspension, and samples were fixed 
with 4% buffered paraformaldehyde (PFA) after an exposure period of 24 h. Microplastic 
ingestion by larvae was assessed using an Olympus BX51 microscope equipped with a blue-
violet filter and Olympus XC50 digital camera. Twenty larvae per replicate were examined, 
with data expressed as the mean ± SE of the percentage of larvae showing microplastic 




Following methods modified from Capolupo et al. (2018), larvae (7 and 14 dpf) were added to 
glass beakers containing 100 mL of FSW, with a concentration of ~13 larvae mL-1. 
Microplastic stock solution prepared in 0.1% Tween-20 was diluted into each beaker to obtain 
a final nominal concentration of 1000 microplastics mL-1, with a replication of four per 
treatment level. Beakers were placed randomly on an orbital shaker (Fig. 2.4) for 24 hours. 




filter mesh) semi-submerged in 250 mL glass beakers (Fig. 2.5), isolating larvae and allowing 
egested microplastics to pass through, thereby reducing the risk of larvae reingesting the 
microplastics once transferred to the fresh FSW. At 30 min intervals, twenty larvae were fixed 
with 4% buffered PFA and examined to determine the number of larvae with ingested 
microplastics over time. At each time interval, the FSW was replaced in each beaker. The 
assessment concluded when two consecutive sampling intervals showed no larvae with 
ingested microplastics. Data were expressed as the percentage of larvae (mean ± SE) with 
ingested microplastics over time. 
 
 
Figure 2.3. Experimental set-up using orbital shakers for investigating ingestion and retention 




Figure 2.4. Semi-submerged sieve (65 μm) in a 250 mL glass beaker used to prevent 





2.2.5. Statistical analysis 
 
The assumption of homogeneity of variances required for analysis of variance 
(ANOVA) was checked by Levene’s test and normality was confirmed visually by histograms, 
as well as by Shapiro-Wilks test. Data were transformed when conditions of normal distribution 
and homogeneity of variance were not met. The effect of microplastic concentration 
(treatment) and developmental stage (dpf) on the percentage of larvae with ingested 
microplastic particles was tested using a generalised linear model (GLM) with quasibinomial 
distribution (link logit function). The interaction effect of treatment and dpf was shown to not 
be statistically significant (Table A1) and, therefore, using the principal of parsimony, the 
interaction was excluded to produce the final model (Table A2). Post hoc pairwise comparisons 
were performed using the R package “emmeans” (Lenth et al. 2019). The effect of treatment 
and dpf on the mean number of ingested microplastic particles larva-1 was assessed by fitting 
a generalised additive model (GAM) with a zero-adjusted inverse Gaussian (ZAIG) 
distribution using the R package “gamlss” (Stasinopoulos & Rigby 2007). Due to the amount 
of zero values in the data, the model was unable to compute the interaction effect of treatment 
and dpf. Post hoc pairwise comparisons were performed using the Delta method. 
 




Spherical 1–5 μm microplastic particles were ingested by P. huttoni. and fluoresced blue-green 
with the specific microscope, camera, and imaging software used in the present study (Fig. 
2.6). The percentage of larvae with ingested microplastics (Fig. 2.7) and the mean ingested 
microplastics larva-1 (Fig. 2.8) increased in a dose-dependent manner for both 7 and 14 dpf 
larvae. There were significant main effects of microplastic concentration (p <0.001; Table A2) 
and developmental stage (p <0.05; Table A2) on the percentage of larvae with ingested 
microplastics. Similarly, there were significant main effects of microplastic concentration (p 
<0.001; Table A3) and developmental stage (p <0.001; Table A3) on the mean ingested 
microplastics larva-1.  
 
No 7 dpf larvae were observed with ingested microplastics at the two lowest microplastic 




microplastics at these concentrations (Fig. 2.7). An increased percentage of larvae with 
ingested microplastics was observed in experiments using 14 dpf larvae in comparison to 7 dpf 
larvae in the 1000 and 10,000 microplastics mL-1 treatments (Fig. 2.7). The percentage of 
larvae 7 dpf with ingested microplastics ranged from 0% (10 and 100 microplastics mL-1) to 
33.75% (10,000 microplastic mL-1), while the percentage of 14 dpf larvae ranged from 1.25% 
(10 microplastics mL-1) to 78.85% (10,000 microplastics mL-1). The mean number of ingested 
microplastics per larva was higher in larvae 14 dpf in comparison to larvae 7 dpf exposed to 
the highest microplastic concentration of 10,000 particles mL-1 (Fig. 2.8). Mean ingested 





Figure 2.5. Pseudechinus huttoni larva at 7 days post-fertilisation with ingested 1–5 μm 






Figure 2.7. Microplastic ingestion by Pseudechinus huttoni larvae. Plots report the percentage 
of 7 and 14 day post-fertilisation (dpf) larvae with ingested microplastics across four 
microplastic concentrations. Dissimilar notations indicate significant differences (p < 0.05). N 






Figure 2.8. Microplastic ingestion by Pseudechinus huttoni larvae. Plots report the mean 
number of microplastics ingested by 7 and 14 day post-fertilisation (dpf) larvae across four 
microplastic concentrations. Dissimilar notations indicate significant differences (p < 0.05). N 




After a 24 h exposure period to microplastics (1000 mL-1), 37.5% of 7 dpf larvae showed 
ingested microplastics (Fig. 2.9). In contrast, 45% of 14 dpf larvae had ingested microplastics. 
A sharp decline in the percentage of larvae with ingested microplastics was observed after 30 
min. The time at which all examined larvae showed no ingested microplastic for two 
consecutive sampling intervals differed between the two developmental stages. After 90 min 
there were no 7 dpf larvae with ingested microplastics, while 150 min were required before 14 











Figure 2.9. Percentage of Pseudechinus huttoni larvae (± SE) with ingested microplastic (MP). 
Experiments were performed on 7 (red line) and 14 (blue line) day post-fertilisation (dpf) larvae 
exposed for 24 h to 1000 MP mL-1, followed by transfer to MP-free ultraviolet-filtered seawater 
(FSW). Every 30 min, larvae were transferred to new MP-free FSW and sampled. Observations 
were performed until samples at two consecutive time points showed no larvae with ingested 







The present study investigated the potential for 1–5 μm spherical fluorescent green 
microplastics to be ingested and egested by 7 and 14 dpf Pseudechinus huttoni larvae. 
Experiments showed microplastics suspended in the water column were ingested by P. huttoni 
larvae, consistent with previous observations of other sea urchin species: L. anamesus 
(Strathmann et al. 1972), S. purpuratus (Hart 1991), Brisaster latifrons (Hart 1996), T. gratilla 




Similar to previous studies assessing microplastic ingestion by marine invertebrate larvae 
(Kaposi et al. 2014; Capolupo 2018), a dose-dependent uptake of microplastic particles was 
observed. Echinoderm larvae require particulate food for growth, with ingestion increasing 
with availability of unicellular phytoplankton (Hart 1996). This positive correlation between 
natural food concentration and consumption rate appears to exist for microplastic particle 
concentration also, suggesting a similar feed-back regulation may occur in response to the 
presence of microplastics suspended in the water.  
 
Differences were observed in the ingestion of microplastics by larvae at different 
developmental stages. Larvae at 7 dpf did not ingest particles when exposed to the two 
microplastic treatments at the lowest concentrations (10 and 100 particles mL-1), but particles 
were ingested at the two higher concentrations (1000 and 10000 particles mL-1).  In contrast, 
larvae at 14 dpf ingested particles at all concentrations, and a higher percentage of individuals 
with ingested microplastics was observed in all treatments compared to larvae 7 dpf. These 
observed differences are most likely due to 14 dpf larvae being larger than 7 dpf larvae. As the 
ciliated band is proportionately longer, an increase in capture rate can occur as clearance rate, 
i.e. the volume of water depleted of suspended matter per unit of time, is approximately 
proportional to band length (Strathmann et al. 1972). Feeding rates of different sized particles 
varying with development has been observed in larvae of the sea urchin P. lividus 
(Rassoulzadegan & Fenaux 1979). In addition, the difference in consumption rate between the 
two developmental stages may be a consequence of the larval locomotion, as the observed 
differences in ingestion may be due to a higher encounter rate between 14 dpf larvae and the 
microplastic particles. 
 
In the present study, the percentage of P. huttoni larvae with ingested microplastics and number 
of ingested particles larva-1 differed to previous studies on microplastic ingestion by marine 
invertebrate larvae (Kaposi et al. 2014; Capolupo et al. 2018). A number of factors associated 
with the laboratory experimental conditions may have influenced microplastic ingestion 
including handling and transfer, experimental equipment, high light intensity, and food 
particles (Hart 1991, Strathmann 1971). Inconsistent methodologies between studies makes it 
difficult to draw clear comparisons across studies. For example, 1–5 μm microplastics were 
used in the present study whereas Kaposi et al. (2014), used 10–40 μm spherical blue 
polyethylene microplastics. Studies have indicated the size of microplastics can influence 




the sea urchin P. lividus showed a greater ingestion rate of particles between 2.92 and 11.61 
μm in diameter than of larger particles 12.56 to 22.34 μm, and the size of particles preferred 
by larvae of the sea urchin Arbacia lixula was ~5 μm. Appelmans (1994) suggested 20 μm 
diameter particles may be near the upper limit for small plutei and, similarly, Hart (1991) found 
20 μm spheres to be too large for the mouths of S. purpuratus larvae. The present study used 
microplastics in the size range 1–5 μm which is within the range of microalgae and, in this 
case, below that of the microalgae D. tertiolecta (5 – 10 μm) (Thakkar et al. 2016) used to feed 
larvae during rearing. By contrast, the upper diameters within the range chosen by Kaposi et 
al. (2014) is relatively large in this respect, as the microalgal species used to supplement their 
larvae, Proteomonas sulcata, are ~6 μm in length (Cerino & Zingone 2006).  
 
In echinoderm larvae, particle capture and ingestion appear to be based on size selectivity, 
therefore, if larvae encounter microplastics of an appropriate size they are likely to be captured 
and ingested (Wright et al. 2013). In this case, Kaposi et al. (2014) may have been using a size-
range that consisted of microplastics too large for larvae to ingest and, therefore, larvae would 
only be able to ingest a proportion of the particles present. Conflictingly, Kaposi et al. (2014) 
exposed T. gratilla larvae to 10–40 μm microplastics and had a higher percentage of larvae 
with ingested microplastics compared to the present study, particularly when comparing both 
species at the same development stage (7 dpf). Prior research on the particle size preferred by 
larvae (Rassoulzadegan & Fenaux 1979; Hart 1991; Appelmans 1994), suggested a higher 
percentage of larvae with ingested microplastics should have been observed when compared 
to the study conducted by Kaposi et al. (2014), however these observed differences in results 
may be caused by several other disparities in experimental methodology. For example, 
ingestion rates vary depending on several factors including body size, food concentration, food 
quality and temperature (Almeda et al. 2010). Kaposi et al. (2014) fed larvae the microalgae P. 
sulcata, at a concentration of 3000 cells mL-1, while the present study fed larvae D. tertiolecta 
at a concentration of 8000 cells mL-1. Microalgae at a higher concentration were available to 
larvae in the present study and may have influenced the amount of ingested microplastics.  
 
Methods of keeping marine invertebrate larvae and microplastics suspended within the water 
column also varied between microplastic exposure studies. Kaposi et al. (2014) used aeration 
while the present study used orbital shakers to agitate glass beakers containing larvae and 
microplastics. Capolupo (2018) used 12-well plates and microplastics with a density similar to 




exposure period. Variation may have also resulted from the differences in feeding strategies 
between species, particularly sea urchin larvae compared to mussel larvae used in the study 
conducted by Capolupo (2018). Feeding capability also varies among echinoderm larvae, with 
some larvae being more efficient suspension feeders than others, and is weakly associated with 
variation in larval body form (Hart 1996). Echinoderm larvae use the same structures and 
mechanisms to capture similar food particles, however, they vary widely in the rate at which 
they clear particles from the water (Hart 1996).  
 
In the present study, observations of microplastics aggregating with detritus were frequently 
made (Fig. 2.9). This would have introduced unavoidable variation into the microplastic 
concentration of treatments to some degree, and therefore the microplastics available to the 
larvae. It is difficult to know the extent to which this altered the concentration and whether it 
was consistent between treatment groups. Additionally, it is unclear whether the adherence of 
microplastic to organic matter occurred immediately or at a certain time point within the 24 h 
exposure period. Furthermore, due to fluorescence of the microplastics used in the present 
study it was difficult to accurately measure the particles ingested, and smaller microplastics 
were often harder to identify. As the particles aggregated within the gut, the number of 




Figure 2.6. An example of microplastic and detritus (phytoplankton, living larvae and larval 
remains) aggregations frequently observed during microscopic analysis while assessing 





Lastly, the concentration of microplastics varied between the two studies. Kaposi et al. (2014) 
used a concentration of 300 microplastics mL-1 to represent a high microplastic treatment while 
the present study used 1000 microplastics mL-1. Kaposi et al. (2014) reasoned that even their 
lowest microplastic treatment concentration was an order of magnitude higher than the highest 
concentration of microplastics recorded in the marine environment and, therefore, the 
concentrations chosen were not environmentally relevant. However, there have been no 
detailed studies recording the microplastic concentration of those in the size range used in the 
present study, in addition to the majority of other laboratory-based microplastic exposure 
experiments. The concentrations used in the present study are unlikely to be present in the 
majority of the marine environment, however caution should be taken when making statements 
concerning environmentally-relevant concentrations of microplastics until further surveys 




The retention experiment showed that after the 24 h exposure to microplastics had ceased, 90 
(7 dpf larvae) and 150 min (14 dpf) were required to achieve 100% gut clearance in larvae of 
the sea urchin P. huttoni. This is in contrast to the study conducted by Kaposi et al. (2014) that 
showed larvae from the sea urchin T. gratilla achieved 100% egestion after 420 min. While 
retention was much shorter in P. huttoni larvae compared to T. gratilla larvae, 90 and 150 min 
is a longer passage time than that reported for echinoderm larvae digesting microalgae. 
Strathmann et al. (1971) observed microalgae passing through the guts of echinoderms, taking 
between 15 and >30 min, with the most rapid passage of 6 min observed in larvae of a sea 
cucumber (Parastichopus spp.). Larvae 14 dpf retained microplastics 60 min longer than larvae 
7 dpf, likely due to the larger and more developed larvae ingesting more particles on average, 
as also identified in the ingestion experiment. Developmental stage was not included as a factor 
in previous studies assessing retention of microplastics by marine invertebrate larvae (Kaposi 
et al. 2014; Capolupo et al. 2018) and, therefore, comparisons to prior studies cannot be made.  
Variation in microplastic size range between the present study and previous microplastic 
retention studies may have influenced these results. Within the gut of echinoderm larvae, 
observations of particle sorting have been made. Strathmann (1971) fed algae and other 
particles (carmine and calcium carbonate) to echinoderm larvae, including larvae of the sea 




other particles were passed from stomach to intestine and defecated. Size of particles may 
influence sorting, with larger particles sorted less efficiently. Additionally, Strathmann (1971) 
observed less complete separation, where some algal cells were eliminated along with other 
particles, in larvae that ingested a large total quantity of particles. This may have implications 
if larvae are exposed to high concentrations of microplastics, in that efficiency of particle 
sorting within the gut could be compromised. Strathmann (1971) found that when larvae ingest 
algae at high rates, the algal cells pass through the gut more rapidly. Furthermore, there may 
be potential for particle sorting to be influenced by biofouled microplastics if larvae cannot 
discern between algae and biofouled particles. Further studies may benefit from investigating 
retention by exposing larvae to microplastics of varying concentrations, size, and degree of 
biofouling.  
 
It is likely the densities of microplastics chosen influence retention experiments conducted on 
marine invertebrate larvae and may explain why the retention time was much shorter than in 
other studies. The microplastics in the present study had a density of 1.3 g cm-3 and may have 
aided in preventing reingestion of particles. In comparison, the density of microplastics used 
in studies conducted by Kaposi et al. (2014) and Capolupo et al. (2018) were 1.004 and 1.05 g 
cm-3, respectively, which would promote greater suspension of particles in the water column. 
The extreme retention time observed in the experiment conducted by Capolupo et al. (2018) 
using 6 dpf mussel larvae exposed to 1000 microplastics mL-1 for 24 h suggests high retention 
variability can occur between marine invertebrate species. A period of 192 h (8 days) was 
required to achieve gut clearance in 100% of individuals, indicating the differences in the 
morpho-structural features of the gastrointestinal tracts of mussel and sea urchin larvae, and 
demonstrating that sea urchin larvae may have a more efficient elimination route (Capolupo et 




The present study confirms larvae of the sea urchin Pseudechinus huttoni ingest 1–5 μm 
spherical microplastics and egest particles after a short retention period, consistent with 
previous observations on echinoid larvae. Importantly, this study is the first to show ingestion 
of microplastics by a New Zealand marine invertebrate larval species and adds to the limited 




suggest that on encountering microplastics in the marine environment, sea urchin larvae likely 
ingest these during the process of capturing phytoplankton. To understand the rate at which 
this may occur presently, and in the future, accurate data on the abundance of microplastics 
within this small size range is needed to make further conclusions on microplastic ingestion by 











































3.1.1. Effects of microplastic exposure on marine invertebrate larvae  
 
To date, few studies have investigated the effects of microplastic exposure on marine 
invertebrate larvae. Early studies investigating the feeding ecology of marine invertebrate 
larvae used microplastics to assess particle uptake by marine invertebrate larvae (see Chapter 
1.5). However, these studies were conducted prior to the recognition of marine plastic pollution 
as a global concern. Thus, many of the early studies investigating marine invertebrate larvae 
and microplastic uptake did not examine the lethal and sub-lethal effects of ingestion. More 
recently, the importance of microplastic pollution as a stressor in the marine environment has 
been recognised, resulting in a surge of research. Studies that have investigated the effects of 
microplastic exposure on marine invertebrate larvae report varying results: some experience 
adverse effects (Cole et al. 2013; Martínez-Gómez et al. 2017; Capolupo et al. 2018; Lo & 
Chan 2018; Messinetti et al. 2018) while others are show a limited effect (Kaposi et al. 2014; 
Cole & Galloway 2015). Reported adverse effects include decreased feeding (Cole et al. 2013), 
developmental abnormalities (Martínez-Gómez et al. 2017; Messinetti et al. 2018), 
transcription alterations (Capolupo et al. 2018), reduced growth (Martínez-Gómez et al. 2017; 
Messinetti et al. 2018; Lo & Chan 2018), early settlement (Lo & Chan 2018), and impaired 
digestive function (Capolupo et al. 2018) (see Table 3.1).  
 
Early planktonic life stages of sea urchins have specific environmental needs (Thorson 1950) 
and are known to be sensitive to external stressors, for example elevated CO2 and temperature 
(Byrne et al. 2009; Dupont et al. 2010; Byrne & Przeslawski 2013; Espinel-Velasco et al. 
2018). Consequently, echinoderm larvae have been extensively used as model organisms in 
developmental biology and ecotoxicology to assess the effects of external stressors. Adverse 
larval responses to stressors include increased mortality, in addition to physiological responses 
and developmental toxicity (teratogenicity) that can manifest as abnormal development and 
growth. A commonly used measure for abnormal development in sea urchin larvae is post-oral 
arm asymmetry, utilised, for example, in investigations of future ocean conditions of warming 




2014). Post-oral arm asymmetry can negatively influence feeding and locomotion (Doo et al. 
2012) while adverse effects on larval growth can result in smaller larvae with a longer 
planktonic duration, increasing susceptibility to predation, and decreasing chances of survival 
and recruitment (Byrne et al. 2013). Suspension-feeding echinoderm larvae depend on 
effective particle capture for growth and development (Hart 1996) and, therefore, food quality 
and quantity can limit growth of some echinoderm larvae (Paulay et al. 1985; Fenaux et al. 
1994). This makes them an ideal model organism to the test the effects of microplastic 
exposure. For example, if microplastics are being consumed in place of their natural food 
source, normal larval growth may be influenced. Reduced growth can adversely affect feeding, 
as feeding success is related to arm length due to the increased length of their ciliary bands 
enhancing food capture (Strathmann et al. 1972). Consequently, sea urchin larvae exhibit 
phenotypic plasticity, increasing arm length to enhance food capture in nutrient poor conditions 
(Strathmann et al. 1992). Therefore, a response of increased arm length may also be observed 
if microplastics ingestion by larvae impacts their overall nutritional requirements. 
 
Previous studies investigating physiological responses in marine invertebrate larvae have 
largely focussed on stressors related to future ocean conditions associated with climate change. 
For example, exposure to UV radiation was found to increase the activities of protective 
antioxidant enzymes (Lister et al. 2010), and sea urchin larvae reared in more acidic pH 
conditions resulted in changes in the larval transcriptome (Todgham & Hofmann 2009; 
O’Donnell et al. 2010). To date, studies assessing the consequences of microplastic exposure 
on larval physiology are limited.  
 
Table 3.1. Laboratory studies assessing effects of microplastic ingestion by marine 
invertebrate larvae. 
Organism Microplastic Concentrations  Exposure 
time 








3000 particles mL-1 24 h Feeding 
adversely 
affected 







0.87, 1.84, 4.1, 
7.3, 10.2, and 
20.3 μm 

















1, 10, 100, 300 
particles mL-1 

















0.005, 0.5, 5 g L-1 












50, 100, 500, 1000, 
5000, 10000 
particles mL-1 













10, 60 000, 140 000 
particles mL-1 















0.125, 1.25, 12.5, 25 
μg/mL 













50 and 500 particles 
mL-1 




et al. 2019 
 
 
3.1.2. Oxidative stress 
 
Reactive oxygen species (ROS) are produced as part of normal metabolic processes in aerobic 
organisms, however, if they are not scavenged by antioxidant mechanisms, cellular damage 
can occur, influencing fitness and survival (Halliwell & Gutteridge 2007). Several enzymes are 
important for scavenging ROS, for example superoxide dismutase (SOD), catalase (CAT), and 
glutathione peroxidase (GPx). SOD and CAT enzymes catalyse the breakdown of ROS-
generating O2- and hydrogen peroxide (H2O2), respectively, and are key components within the 
primary defence systems against oxidative stress-induced damage, while GPx can also toxify 
some organic hydroperoxides (Magara et al. 2018). Non-enzymatic antioxidants also 
counteract the toxic effects of ROS, for example glutathione which, in its reduced form, is one 
of the most important antioxidants involved in protection from lipid peroxidation and is the 




compounds (Halliwell & Gutteridge 2007). Under certain situations, an imbalance can occur 
where the rate of generation of ROS exceeds that of their removal by these antioxidant 
enzymes, resulting in oxidative stress.  
 
Oxidative stress is an important component of the physiological responses of marine organisms 
exposed to a variety of both natural and anthropogenic environmental stressors, such as thermal 
shifts, UV radiation, and exposure to pollutants (Lesser 2006). Antioxidant responses can be 
utilised as biomarkers of oxidative stress induced by pollutants (Regoli et al. 1997), however 
the adverse effects of microplastic exposure on marine organisms, particularly at the molecular 
level, are still poorly understood (Jeong et al. 2017). Oxidative stress biomarkers have been 
used to investigate the effects of microplastic exposure on marine invertebrates including, 
mussels (Avio et al. 2015; Paul-Pont et al. 2016; Magara et al. 2018), rotifers (Jeong et al. 
2016), copepods (Jeong et al. 2017), polychaetes (Gomiero et al. 2018), barnacle and brine 
shrimp larvae (Gambardella et al. 2017) (see Table 1.3). Oxidative stress has yet to be assessed 
in echinoderm larvae exposed to microplastics, however given their observed sensitivity to 




Surfactants are used primarily in commercial detergent and household cleaning products and, 
due to their widespread use, are present in the marine environment via municipal effluents 
(Lewis 1992). These surfactants present in cleaning products have been shown to adversely 
affect marine organisms (Swedmark et al. 1971; Lewis 1991). Tween-20 is a polysorbate 
nonionic surfactant commonly used to facilitate the dispersion of microplastics for scientific 
research purposes, preventing aggregation and settlement of the particles in seawater 
(Sussarellu 2016; Beiras et al. 2018; Gardon 2018; Fernández & Albentosa 2019; Xia et al. 
2019). Dry powdered microplastics are inherently hydrophobic and, therefore, to bring them 
into suspension, some suppliers, including Cospheric, recommend preparing solutions with a 
surfactant such as Tween-20 (Connors et al. 2017).  
 
While recognising the concentrations of Tween-20 used in microplastic exposure studies are 
low, marine invertebrate larvae may potentially be vulnerable to the combined effects of 




FSW control, it was decided that a treatment with FSW and 0.1% Tween-20 was to be included 
in the present experiments to control for potential sub-lethal effects of the nonionic surfactant 




It is important to identify the effects of microplastic exposure on marine invertebrate larvae in 
order to identify life-history stages, species, and ecosystems most at risk. Additionally, it is 
important to determine the concentrations of microplastics that will drive specific responses in 
larvae. Planktotrophic sea urchin larvae provide a useful model organism to examine the effects 
of microplastic exposure as they play major roles in ecosystems and their developmental stages 
have been extensively studied. Sea urchin larvae have been widely used as model organisms 
to investigate the effects of abiotic stressors including ocean acidification and ocean warming. 
Furthermore, sea urchin larvae naturally feed on particles within the size range of 
microplastics. The aim of the present study was to expand knowledge on lethal and sub-lethal 
effects caused by exposure to 1–4 μm polyethylene microplastics (at concentrations of 10, 100, 
and 1000 microplastics mL-1) in the larval stage of the sea urchin Pseudechinus huttoni. To 
achieve this goal, the effects of microplastic exposure were assessed in terms of the survival, 
development, and oxidative damage biomarkers in larvae following exposure to varying 




3.2.1. Study organisms and larval production 
 
Adult P. huttoni were collected by SCUBA divers from Doubtful Sound, New Zealand 
(42°25′S, 170°56′E, depth 10-14 m) on 6 June 2019 and transported to the Portobello Marine 
Laboratory, Dunedin, New Zealand, where they were maintained  in flow-through tanks fed ad 
libitum with M. pyrifera until required for spawning. Adult P. huttoni were induced to spawn 
by intracoelomic injections of 2 ml 0.5 M KCl, and gametes were collected in beakers 
containing UV FSW. Dilute sperm was collected by Pasteur pipet and added to the egg 
suspension, and successful fertilisation (>90%) was microscopically confirmed by observing 
the presence of a fertilisation envelope (Fig. 2.2). To remove excess sperm, embryos were 




adding fresh FSW. The embryos were transferred to several 1 L glass beakers, allowing a 
monolayer of embryos to form on the bottom on each beaker, and incubated in FSW until they 
attained the free-swimming blastula stage. Larvae were then pooled into a 20 L bucket and the 
concentration of larvae was determined by taking thirty, 1 mL aliquots and enumerating the 
number of larvae in each aliquot. Aliquots were collected below the surface of the water using 
an Eppendorf® pipette after thorough agitation of the FSW. Larvae were reared in a controlled 
temperature room, at a constant temperature of 14°C under a 12 h light/12 h dark photoperiod, 
in 2 L glass bottles rotated continuously on a motorised roller system to keep larvae and food 
suspended in the seawater (Fig. 2.3). Every second day, the FSW was replaced and larvae were 




Spherical clear polyethylene microplastics ranging in size from 1–4 μm with densities of 0.96 
g cm3 (Cospheric LLC, Goleta, USA) were used as proxies for microplastics in the marine 
environment. Polyethylene is one of the most common nonfiber plastic produced (36%) (Geyer 
et al. 2017) and is frequently found in the marine environment (Hidalgo-Ruz 2012). A stock 
solution was prepared in 0.1% Tween-20 as per the manufacturer’s instructions. As the 
microplastics were clear and not visible during microscopical analysis, the term ‘exposure’ was 
used in place of ‘ingestion’ as ingestion was not directly confirmed. As the size range of the 
microplastics is within that used in Chapter 2 (1 – 5 μm), we can assume these microplastics 
(1 – 4 μm) are also ingested by P. huttoni larvae. 
 
3.2.3. Exposure  
 
Larvae at 7 dpf were exposed to microplastics at three concentrations (10, 100, and 1000 
microplastics mL-1) for 10 days. These concentrations were chosen to show dose-dependent 
effects and therefore arbitrary low, medium, and high concentrations were included. As the 
estimates for microplastics of this size range in the marine environment are not currently 
reliable, it was decided to not base concentrations off previous field studies. The stock 
concentration of microplastics used to dose replicates also included 0.1% Tween-20. In 
addition to a FSW control, a negative control was included with the same concentration of 




glass bottles that were placed on a motorised roller system to ensure the larvae (~9 larvae mL-
1), microalgae, and microplastics stayed suspended in the water column (Fig. 2.3). The bottles 
were kept in a controlled temperature room, at a constant temperature of 14°C under a 12 h 
light/12 h dark photoperiod. Replicates were randomly placed on the roller system to reduce 
the risk of spatial bias. Every second day, larvae were fed the microalgal species D. tertiolecta 
at a concentration of 8000 cells mL-1. 
 
3.2.2. Larval density 
 
Survival in each of the twenty-five replicate larval cultures was assessed by measuring larval 
density. Twenty randomly collected 1 mL aliquots were taken per replicate and the number of 
larvae was recorded. Larvae were serially sampled on day 0, 4, 7, and 10 of the experiment. 
Aliquots were collected below the surface of the water using an Eppendorf® pipette after 
gentle agitation of the FSW. 
 
3.2.3. Larval morphometrics 
 
To quantify developmental abnormalities, twenty larvae per replicate (100 per treatment) were 
randomly selected on day 0, 4, 7, and 10 and transferred to 1.5 ml Eppendorf® tubes and fixed 
with 4% buffered PFA for later morphometric analysis. Larvae were collected before the 
addition of food to ensure that algal cells did not influence stomach measurements (Byrne et 
al. 2008). For morphometric analysis, larvae were placed on flat glass microscope slides and 
photographed using an Olympus BX51 microscope fitted with an Olympus XC50 digital 
camera. While twenty larvae were taken from each replicate, only the first ten larvae 
encountered on each slide with correct orientation were measured, as not all larvae were in the 
correct dorsal-ventral orientation for accurate morphometric measurements (Fig. 3.1). Nine 
morphometric measurements were recorded for each larva; left and right post-oral arms (POA), 
left and right pre-oral arms (PRO), stomach width (SW), total length (TL), body length (BL), 
stomach length (SL), stomach width (SW), and post-oral arm gap (POG; proportional to the 
total width of larvae) (Fig. 3.2), as in other studies assessing echinoplutei morphometrics 
(Byrne et al. 2008; Dorey et al. 2013; Karelitz et al. 2019). To measure arm asymmetry, a 
common teratogenic response of echinoplutei to stressors (Byrne et al. 2013), the difference in 




arm length and expressed as percentage of asymmetry (Sheppard Brennand et al. 2010; Uthicke 
et al. 2013). The ratio of post-oral (PO) arm length:body length (BL) is an indicator of 
phenotypic response to food abundance (Strathmann et al. 1992; Byrne et al. 2008) and was 
therefore used to assess phenotypic plasticity in the larvae of P. huttoni. All measurements 





Figure 3.1. Example of incorrect (left) and correct (right) orientation of larvae of the sea urchin 










Figure 3.2. Morphometric measurements taken for sea urchin larvae Pseudechinus huttoni:  
Post-oral arm gap (POG), total length (TL), body length (BL), post-oral arm length (POA), 
pre-oral arm length (PRO), stomach length (SL), and stomach width (SW).  
 
3.2.3. Antioxidant enzyme responses 
 
After density counts and morphometrics had been assessed on day 10 of the experimental 
period, each replicate treatment was passed through a 65 μm filter. Using a glass pipette, larvae 
were transferred into 1.5 mL cryovials and centrifuged to remove excess water. Each sample 
contained ~14,000 larvae. These were snap frozen in liquid nitrogen and immediately stored at 
-80°C for later biochemical analyses. Larvae were last fed on day 8 so as to minimise the 
potentially confounding influence of any algal food retained in the gut. 
 
The activities of antioxidant enzymes and oxidative damage products were assessed in whole 
body tissues of P. huttoni larvae using established methods (Lister et al. 2010). Extraction 
buffer (100 mM potassium phosphate buffer (pH 7.0) containing 0.1 mM Na2 EDTA, 1% PVP-
44, 1 mM PMSF and 0.5% v/v TritonX-100) at a 1:9 ratio (w/v)) was added to each sample in 
a 2 mL plastic vial and mixed using a vortex mixer for 15 sec. The sample was subsequently 
disrupted twice using a BioSpec Mini-BeadBeater machine and 2.3 mm Zirconia beads for 10 
sec each time. The contents of the cryovial were transferred into a 2 mL centrifuge tube and 









Eppendorf® tube and then aliquots were semi-purified using an Amicon Ultra-0.5 centrifugal 
filter by centrifugation at 10,000 RPM for 15 min at 4°C. After centrifugation, 100 mM 
potassium phosphate buffer (pH 7.0) was used to reconstitute the protein and the protein sample 
transferred into a 1.5 mL Eppendorf® tube and then aliquoted into five separate tubes and 
stored at -80°C for later biochemical analysis. Soluble protein contents were determined using 
a Lowry protein assay as per Fryer et al. (1986) with a bovine serum albumin (BSA) standard. 
Protein carbonyl levels were determined in protein, following precipitation and 
resolubilisation, via reaction with 2,4-dinitrophenylhydrazine (DNPH) as described by Reznick 
and Packer (1994). Superoxide dismutase (SOD; EC 1.15.1.1) was assayed using a 
Cayman/Sapphire bioscience kit (605-70602) as per the manufacturer’s instructions. Catalase 
(CAT; EC 1.11.1.6) was assayed using the chemiluminescent method of Maral et al. (1977). 
Glutathione peroxidase (GPx; EC 1.11.1.9) activity was measured according to the 
spectrophotometric method described by Paglia and Valentine (1967). 
 
All assays were carried out using a PerkinElmer (Wallac) 1420 multilabel counter (Perkin 
Elmer, San Jose, California, U.S.A.) controlled by a PC, and fitted with a temperature control 
cell and an auto-dispenser. Data were acquired and processed using the WorkOut 2.0 software 
package (Perkin Elmer, San Jose, California, U.S.A.). Enzyme assays were validated using 
heat denatured protein extracts as controls and by running assays in the absence of 
substrates/cofactors as appropriate. 
 
3.2.4. Oxidative damage to proteins and lipids 
 
Protein carbonyl levels were determined in the semi-purified protein extracts, detailed above, 
via reaction with 2,4-dinitrophenylhydrazine (DNPH) as described by Reznick and Packer 
(1994). The assay was adapted for measurement using microplates and carried out using  the 
multilabel counter detailed above. 
 
The Eppendorf® tube containing the pellet remaining after protein extraction was stored at -
80°C for lipid extraction. Lipids were extracted from the pellet by homogenising remaining 
pellet in a 1:6 ratio (w/v) of methanol:chloroform (2:1 v/v). The suspension was kept for 1 min 
at room temperature. Chloroform (400 μL) was then added and the sample mixed by vortexing 




The phases were allowed to separate and 50 μL of the chloroform phase was collected and used 
for lipid hydroperoxide analysis. Lipid hydroperoxide levels were determined using the ferric 
thiocyanate method described by Mihaljević et al. (1996). The assay was adapted for 
measurement using glass microplates and carried out using  the multilabel counter detailed 
above. 
 
3.2.5. Statistical analysis 
 
The assumption of homogeneity of variances required for analysis of variance (ANOVA) was 
checked by Levene’s test and normality was confirmed visually by histograms, as well as by 
Shapiro-Wilks test. Data were transformed when conditions of normal distribution and 
homogeneity of variance were not met.  
 
Larval density, as a measure of survival, was compared using a linear mixed model (LMM) 
performed in RStudio using the lme4 package (Bates et al. 2015). Significance was calculated 
using the lmerTest package (Kuznetsova et al. 2017). Post hoc pairwise contrasts were 
performed using the R package “emmeans” (Lenth et al. 2019). To determine whether 
microplastic exposure affected larval growth, the change in morphometric measurements POA, 
PRO, TL, POG, BL, and PO:BL over time were assessed using LMMs with factors “time” 
(day), accounting for the sampling day (4 levels: 0, 4, 7, 10) and “treatment” (5 levels: FSW 
control, Tween-20, and 10, 100, 1000 microplastics mL-1), and their interactions. Replicate was 
included as a random factor. To determine whether microplastic exposure affected POA 
asymmetry, the percentage difference in POA across treatments and sampling days was 
analysed using a LMM with the RStudio packages described previously. POA data were log-
transformed prior to analysis to meet assumptions of normality. Significance calculations and 
post hoc tests were as previously described. To assess the effect of microplastic exposure on 
the antioxidant defence biomarkers superoxide dismutase (SOD), glutathione peroxidase 
(GPx), and catalase (CAT), one-way ANOVAs were performed and significant differences 
were further analysed using Tukey’s HSD test. To assess the effect of microplastic exposure 
on oxidative damage biomarkers, Kruskal-Wallis tests were performed on protein carbonyl 
(PC) and lipid peroxide (LPx) activity as data were found not to meet the criteria for parametric 




significant differences were based on accepting p < 0.05. All analyses were conducted using 
RStudio (RStudio Team 2020). 
 
To determine whether microplastic exposure affected larval growth, the change in 
morphometric measurements POA, PRO, TL, POG, BL, and PO:BL over time were assessed 
using LMMs with factors “time” (day), accounting for the sampling day (4 levels: 0, 4, 7, 10) 
and “treatment” (5 levels: FSW control, Tween-20, and 10, 100, 1000 microplastics mL-1), and 






The mean density (± SE) of larvae mL-1 ranged from 8.3 ± 0.57 to 9.67 ± 0.42 on day 0. After 
10 days, mean density ranged from 7.15 ± 0.73 to 7.81 ± 0.18 larvae mL-1 (Fig. 3.3). There was 
a significant main effect of day on larval density (p < 0.001; Table A4), however there was no 
significant main effect of treatment (p = 0.841; Table A4). Additionally, there was no 








Figure 3.3. Change over the experimental period in the mean density of Pseudechinus huttoni 
larvae reared for 10 days under laboratory conditions. Treatments included an ultraviolet-
filtered seawater control, a Tween-20 control, and three microplastic treatments; low (10 mL-





Mean (± SE) post-oral arm (POA) length of larvae ranged from 275.12 ± 6.45 to 294.17 ± 8.61 
μm on day 0 (Fig. 3.4A). After 10 days, mean POA ranged from 620.16 ± 19.36 to 673.97 ± 
17.20 μm (Fig. 3.4A). The mean POA of larvae was not significantly affected by microplastic 
exposure. There was a significant main effect of day on the mean POA of larvae (p < 0.001), 
but no significant main effect of treatment (p = 0.79), nor a significant interaction effect 
between day and treatment (p = 0.88) (Table A5).  
 
Mean (± SE) pre-oral arm length (PRO) of larvae ranged from 200.40 ± 2.94 to 220.64 ± 5.05 
μm on day 0. After 10 days, mean PRO ranged from 397.64 ± 31.19 to 446.04 ± 17.21 μm (Fig. 
3.4B). The mean PRO of larvae was not significantly affected by microplastic exposure. There 




was no significant main effect of treatment (p = 0.16), nor a significant interaction effect 
between day and treatment (p = 0.84) (Table A6.).  
 
Total length (TL) of larvae ranged from (mean ± SE) 515.64 ± 7.33 to 548.07 ± 10.12 μm on 
day 0. After 10 days, mean total length ranged from 863.09 ± 17.27 to 935.36 ± 18.27 μm (Fig. 
3.4C). The TL of larvae was not significantly affected by microplastic exposure. There was a 
significant main effect of day on the TL of larvae (p = <0.001), however there was no 
significant main effect of treatment (p = 0.63) and no significant interaction effect between day 
and treatment (p = 0.52) (Table A7.).  
 
Post-oral arms gap (POG) of larvae ranged from (mean ± SE) 282.25 ± 5.72 to 309.92 ± 11.28 
μm on day 0. After 10 days, POG ranged from 465.28 ± 10.73 to 542.64 ± 26.73 μm (Fig. 
3.4D).There were significant main effects of day (p < 0.001), and treatment (p = 0.038) on 
POG of larvae, however there was no significant interaction effect between day and treatment 
(p = 0.14) (Table A8). Post hoc pairwise comparisons indicated the significant effect of 
treatment was due to differences in morphology of larvae reared in control conditions 
compared to Tween-20 (p = 0.047) and medium concentrations of microplastic (p = 0.052).  
 
Body length (BL) of larvae ranged from (mean ± SE)  367.12 ± 3.21 to 392.04 ± 4.29 μm on 
day 0. After 10 days, BL ranged from 453.84 ± 2.50 to 477.66 ± 4.0 μm (Fig 3.4E). ANOVA 
indicated that there was a significant effect of day (p <0.001) and treatment (p = 0.002), with 
marginal significant interaction between day and treatment (p = 0.051) (Table A9). Post hoc 
pairwise comparisons indicated the significant effect of treatment (p <0.001) was due to 
differences in BL of larvae reared in control conditions compared to all other treatments 
(Tween-20 and low, medium, and high microplastics).  
 
The ratio of post-oral arm length:body length (PO:BL) of larvae ranged from (mean ± SE) 
275.12 ± 6.45 to 294.17 ± 8.61 μm on day 0 (Fig. 3.4F). After 10 days, PO:BL ranged from 
620.16 ± 19.36 to 673.97 ± 17.20 μm (Fig. 3.4F). PO:BL of larvae was not significantly 
affected by microplastic exposure. There was a significant main effect of day on PO:BL length 
of larvae (p  <0.001), however there was no significant main effect of treatment (p = 0.87) and 






Figure 3.4. Change over the experimental period in the (A) mean post-oral arm length (POA); 
(B) mean pre-oral arm length (PRO); (C) total length; (D) post-oral arm gap (POG); (E) body 
length; and (F) post-oral arm length : body length ratio (PO:BL) of Pseudechinus huttoni larvae 
experimentally reared for 10 days under laboratory conditions. Treatments included a UV-
filtered seawater control, a Tween-20 control, and three microplastic treatments; low, medium, 
and high with concentrations of 10, 100, and 1000 microplastics mL-1, respectively. Data are 













Post-oral arm asymmetry of larvae ranged from 4.02% to 5.47% on day 0. After 10 days, 
asymmetry ranged from 5.91% to 11.42% (Fig. 3.9). There were significant main effects of 
both day (p < 0.001; Table A11) and treatment (p = 0.002; Table A11), however, there was no 
significant interaction between the two main effects (p = 0.465; Table A11). Pairwise 
comparisons revealed significant differences between the control and high microplastic 






Figure 3.5. Post-oral arm asymmetry (mean ± SE) of Pseudechinus huttoni larvae (7–17 days 
post-fertilisation) experimentally reared under laboratory conditions for 10 days. Treatments 
included a seawater control, a Tween-20 control, and three microplastic treatments; low (10 









3.3.4. Antioxidant responses 
 
Short-term exposure to microplastics significantly affected SOD (p <0.001), GPx (p <0.001), 
and CAT (p <0.001) activity (Table A12). After 10 days of exposure to high concentrations of 
microplastics (1000 particles mL-1), there was an increase of SOD, GPx and CAT activity 
amounting to +37%, +101%, and +85% compared to controls, respectively. SOD and GPx 
activity significantly increased in the Tween-20, low, medium, and high treatment in 
comparison to the control (Fig. 3.10). A Tween-20 effect was seen in SOD and GPx activity 
as the treatments differed significantly to the control. In contrast, no treatment effect of Tween-
20 was observed in CAT activity as there was no significant difference between the control 






Figure 3.6. Mean (± SE) activities of (A) superoxide dismutase (SOD); (B) glutathione 
peroxidase (GPx); and (C) catalase (CAT) in larval tissues of Pseudechinus huttoni after a 10-
day exposure to an ultraviolet-filtered seawater control, a Tween-20 control, and three 
microplastic treatments; low (10 mL-1), medium (100 mL-1), and high (1000 mL-1). Dissimilar 






















3.3.5. Oxidative damage 
 
Protein carbonyl (PC) activities (mean ± SE) ranged from 2.084 ± 0.11 to 6.61 ± 0.22 nmol/mg 
protein. Lipid peroxide (LPx) activities (mean ± SE) ranged from 1.57 ± 0.092 to 4.86 ± 0.25 
nmol/sample. Both PC (p = 0.0016) and LPx (p <0.001) activities were significantly affected 
by microplastic exposure (Fig. 8; Table A13). Larvae exposed to high concentrations of 
microplastics experienced a significant increase in oxidative damage to proteins (217%) and 
lipids (209%) compared to those exposed to controls (Fig. 3.11). Both PC and LPx activities 
in whole body tissues of larvae were significantly increased in high microplastic treatments 
compared to all other groups. There was no significant Tween-20 effect on LPx activities, 
however, there was a significant effect on PC activities (Fig. 3.11). Low and medium 
microplastic treatments significantly affected LPx activities (Fig. 3.11) 
 
 
Figure 3.7. Mean (± SE) activities of (A) protein carbonyl (PC) and (B) lipid peroxides (LPx) 
concentrations in whole body tissues of Pseudechinus huttoni larvae after a 10-day exposure 
to an ultraviolet-filtered seawater control, Tween-20, and three microplastic treatments; low 
(10 mL-1), medium (100 mL-1), and high (1000 mL-1). Dissimilar notations indicate significant 













3.4.1. Survival  
 
There were no significant differences in larval density of P. huttoni among microplastic 
treatments over the experimental period of 10 days (Fig. 3.3). These results are consistent with 
those reported for larvae of the sea urchins T. gratilla (Kaposi et al. 2014) and P. lividus 
(Messinetti et al. 2018), in addition to larvae of the ascidian Ciona robusta (Messinetti et al. 
2018), where larval survival was found to be unaffected by microplastic exposure. Although 
the results of the present study suggest that these levels of microplastic exposure do not directly 
affect the survival of P. huttoni larvae, the short-term duration of the experiment may not have 
been long enough to cause lethal effects and, therefore, caution should be exercised in the 
interpretation of these results. Prolonged exposure of microplastics has not been studied 
extensively in marine organisms and experiments that consider the whole period of larval 
development in P. huttoni are needed to better understand the effects of microplastic exposure 
on survival. Rates of natural mortality in long-lived planktotrophic larvae are typically 
considered to be high (Rumrill 1990) and long-term exposure to additional stressors such as 




In the present study, significant main effects of time revealed in morphometric analyses were 
due to natural growth over the experimental period. There were no significant effects of 
treatment on the morphometric measurements mean POA (Table A5), mean PRO (Table A6), 
TL (Table A7), and PO:BL (Table A10). In contrast, growth of POG (Table A8) and BL (Table 
A9) were significantly affected by exposure to microplastic exposure as well as the surfactant 
Tween-20. POG of larvae reared in the control were significantly different from larvae reared 
in Tween-20 and medium (100 microplastics mL-1) concentrations. Larvae in the control had 
larger POG than those exposed to Tween-20 and medium concentrations of microplastics, a 
measurement proportional to total width of larvae. A similar response to an external stressor 
has been observed in larvae of the sea urchin Lytechinus pictus with exposure to high CO2 
conditions resulting in significantly smaller larvae width (O’Donnell et al. 2010). It is difficult 




when no affect was observed in larvae exposed to high concentrations. Similarly, Messinetti et 
al. (2018) found exposure to microplastics had significant effects on larvae of the sea urchin P. 
lividus, although a clear trend was not observable. It was suggested that the high variability in 
particle uptake in some treatment groups may have contributed to the variability of the 
measured developmental responses.  
 
Furthermore, the significant effect of the Tween-20 control on POG should have meant all 
microplastic treatment groups altered POG, as the concentration of Tween-20 should be 
consistent across treatment groups excluding the FSW control, however this was not the case. 
In contrast, this consistency across treatments was observed when assessing body length as 
there was a strong effect of Tween-20 and microplastic exposure on the body length of P. 
huttoni larvae, with significantly increased growth in the FSW control compared to all other 
treatments. This response has been found in studies investigating the effects of altered pH 
conditions on larval development, with longer body lengths in control conditions compared to 
larvae in reduced pH treatments observed in larvae of the sea urchin Psammechinus miliaris 
(Suckling et al. 2014). Despite the significant differences observed in POG and body length of 
larvae reared in different treatments over the experimental 10-day period, PCA revealed little 
effect of microplastic exposure on overall larval morphometrics with a lack of separation 
among treatments for each sampling day. These results suggest exposure to Tween-20 and 
microplastics delayed development as opposed to causing gross changes in morphology. 
 
Sea urchin echinoplutei have been shown to exhibit phenotypic plasticity, increasing arm 
length to enhance food capture in nutrient poor conditions (Strathmann et al. 1992). It could be 
expected that P. huttoni larvae would have longer POA after being exposed to microplastics 
due to larvae ingesting microplastics in lieu of microalgae and adversely affecting nutrient 
levels, however, no significant differences between treatments were observed. This suggests 
P. huttoni larvae were still ingesting sufficient microalgae despite the occurrence of 
microplastics in the present study, therefore not altering nutrient levels and stimulating 
phenotypic plasticity. P. huttoni larvae were fed 8000 cells mL-1 of D.  tertiolecta every second 
day of the experimental period. This amount was used in order to replicate conditions in the 
marine environment, as although availability of microalgae is temporally variable and spatially 
heterogenous in the ocean (Reynolds 2006), it would be unrealistic to assume larvae would 
encounter microplastics in the marine environment in the absence of microalgae. However, the 




stronger effects of microplastic exposure on larval development. Future studies may benefit 




Asymmetric growth, a common teratogenic response of echinoplutei to stressors, has been used 
extensively as a measure of abnormal development in sea urchin larvae, for example in 
experiments investigating the effects of food availability, pH, and temperature (Sheppard 
Brennand et al. 2010; Byrne et al. 2013; Uthicke et al. 2013; Lamare et al. 2016). Asymmetrical 
growth of the post-oral arms likely impairs larval function due to their use in swimming and 
feeding, and maintenance of normal larval orientation (Dupont et al. 2008; Doo et al. 2012). In 
the present study, microplastic exposure had a significant effect on larval asymmetry, as 
measured by the difference in length of the post-oral arms, with exposure to high 
concentrations of microplastics resulting in larvae with increased asymmetry (Fig. 3.9; Table 
A11). As there was no significant interaction between the microplastic treatment and time, this 
indicated that the treatment effect on larval post-oral arm asymmetry was consistent across all 
time points during the experimental period. 
 
Day 0 larval post-oral arm asymmetry was comparable to other studies assessing sea urchin 
larval development, with larvae in control conditions rarely exceeding 7-10% asymmetry (i.e. 
Lamare et al. 2016). The day 0 asymmetry in this experiment ranged between 4.02 ± 0.54% 
and 5.47 ± 0.76%, with the control treatment only reaching 5.90 ± 0.52% by day 10. Sea urchin 
larvae exposed to experimentally reduced pH seawater typically display arm asymmetry 
between 10 and 15% (Byrne et al. 2013; Sheppard Brennand et al. 2010; Karelitz et al. 2016; 
Lamare et al. 2016), and is comparable to the asymmetry observed in larvae exposed to high 
microplastic treatments in the present study, with asymmetry of 11.42 ± 1.88%. This result is 
in contrast to the microplastic exposure study conducted by Kaposi et al. (2014), that found 
larval asymmetry in the sea urchin T. gratilla did not differ significantly between treatments. 
Inconsistencies between these two studies are likely the result of several key methodological 






3.4.4. Antioxidant responses and oxidative damage 
 
In the present study, a range of oxidative damage and antioxidant defence biomarkers were 
measured in larvae of the sea urchin P. huttoni exposed to microplastics for 10 days. Larvae 
exposed to high concentrations of microplastics (1000 mL-1) exhibited a greater degree of 
oxidative damage than those exposed to controls, as evidenced by an upregulation of all 
antioxidant defences tested, as well as observed increases in oxidative lipid and protein damage 
in whole body tissues (Fig. 3.10). These results are in agreement with previous studies 
assessing microplastic-induced oxidative stress in marine invertebrate larvae, with increased 
enzyme activity of CAT observed in the larval stages of the barnacle Amphibalanus amphitrite 
and brine shrimp Artemia franciscana (Gambardella et al. 2017). Activity of the antioxidants 
tested, SOD, GPx, and CAT, increased significantly in comparison to the control. The largest 
increase seen was GPx with a 101% increase in activity compared to the control. Glutathione 
and the associated enzyme, GPx, have been found to be the most sensitive and reliable 
biomarkers of pollution-induced oxidative stress in natural populations (Isaksson 2010).  
 
The surfactant Tween-20 had a significant effect on SOD and GPx activities, and caused 
significant increases in protein carbonyl concentration. This suggests Tween-20 stimulated the 
antioxidant system of P. huttoni larvae, preventing subsequent oxidative lipid damage, yet 
failed to prevent protein damage. Few studies that use Tween-20 to prepare their microplastic 
stock solutions assess the potential effects of the chemical on their model organisms. 
Preliminary experiments conducted by Yang and Wang (2019) showed mortality of barnacle 
larvae was not influenced by 0.005% Tween-20, however development and physiological 
responses were not assessed, and larvae were not exposed to the main stressor, in this case 
copper nanoparticles, concurrently. Paul-Pont et al. (2016) assessed the direct impact of 
Tween-20 on the algae Chaetoceros muelleri used to feed mussels (Mytilus spp.) during 
microplastic exposure experiments but did not assess the effects on the mussels themselves. 
They found no significant effect on algae and were satisfied that there would be no adverse 
effect on the mussels, as the final concentrations in the water of the experimental tanks were 
much lower than toxic levels reported for marine invertebrates. Results from the present study 
demonstrate the importance of controlling for the use of Tween-20 in microplastic exposure 





All biomarkers tested proved to be useful indicators of microplastic exposure, although 
oxidative lipid and protein damage showed the greatest elevation in high microplastic 
treatments in comparison to controls. Lipid peroxidation and protein carbonylation are 
sensitive measures of ROS-induced damage, and increases have been observed in response to 
a variety of environmental contaminants in the marine environment (see review Valavanidis et 
al. 2006). Oxidative damage to these core macromolecules in response to microplastic exposure 
is likely to be energetically expensive to prevent and resource intensive to repair, and may 
impair cellular function leading to negative consequences for an organism’s fitness and 




The present study shows short-term exposure to 1–4 μm spherical polyethylene microplastics 
causes sub-lethal effects in larvae of the sea urchin P. huttoni. Post-oral arm asymmetry proved 
useful in determining teratogenic responses and delayed development induced by microplastic 
exposure, with significant differences between control and high concentrations of microplastics 
observed. Oxidative stress biomarkers appeared useful as indicators of microplastic presence, 
particularly at high concentrations. The surfactant Tween-20 appeared to have a sub-lethal 
effect on larvae, indicated by upregulation of antioxidant enzymes and an increase in protein 
carbonyl activities. A broader suite of markers would be beneficial to further understand the 
level of oxidative stress marine invertebrate larvae experience when exposed to microplastics. 
These results aid in determining the effects of microplastics on marine invertebrate larvae, 
which is currently still limited. Understanding the underlying mechanisms and effects of 
microplastic pollution on marine organisms is increasingly important as both production and 














Chapter 4 General discussion 
 
4.1. Summary of findings 
 
Marine invertebrate larvae have a vital ecological role in marine ecosystems as primary 
consumers in the marine food web. Decreases in larval survival rate and settlement success 
may reduce the long-term viability of affected populations, consequently shaping marine 
population dynamics and the wider marine community (Martin et al. 2011). Identifying the 
effects of microplastic ingestion on the larval stages, such as of sea urchins, is essential in order 
to identify species and ecosystems most at risk and, importantly, the microplastic concentration 
that they can withstand before exhibiting deleterious effects. The general objectives of this 
thesis were to: (1) investigate the capacity of Pseudechinus huttoni larvae to ingest and egest 
microplastics; (2) assess the effects of microplastic exposure on survival and development; and 
(3) evaluate whether oxidative stress biomarkers provide an effective tool for assessing 
physiological impacts of microplastic exposure on P. huttoni larvae. Key findings in answer to 
the general thesis objectives are outlined in further detail below.  
 
4.1.1. Objective 1. Do Pseudechinus huttoni larvae ingest and egest microplastic? 
 
In laboratory experiments, larvae ingested 1–5 μm spherical fluorescent green microplastics in 
a concentration-dependent manner, with the percentage of larvae with ingested microplastics 
and the mean ingested microplastics larva-1 increasing with microplastic concentration in both 
developmental stages (7 and 14 dpf). These results demonstrate P. huttoni larvae effectively 
ingest and accumulate microplastics, suggesting their potential role as plastic primary 
consumers in marine ecosystems. This adds to the growing list of marine organisms known to 
ingest microplastics and, in particular, improves our general understanding of microplastic 
ingestion by marine invertebrate larvae. 
 
The retention experiment showed that P. huttoni larvae were able to egest microplastics, 
varying with developmental stage. Larvae 7 and 14 dpf achieved 100% egestion at 90 min and 
150 min following the cessation of the 24 h exposure period, respectively. While gut clearance 
was faster than other retention experiments involving marine invertebrate larvae (Kaposi et al. 




the retention time of microalgae by echinoderm larvae (Strathmann et al. 1971), suggesting 
digestion may have been impaired.  
 
4.1.2. Objective 2. Does microplastic exposure affect survival and development in 
Pseudechinus huttoni larvae? 
 
The results of this study suggest survival in the early larval stages of the sea urchin P. huttoni 
is not affected by short-term exposure (10 days) to the specific microplastics used. In contrast, 
development appeared to be impacted by exposure to high concentrations of microplastics after 
a 10-day experimental period. This was demonstrated by delayed development, evidenced by 
greater asymmetry of the post-oral arms. Suboptimal growth of echinoid larvae increases the 
time that larvae are exposed to predation in the plankton, and therefore, to high rates of 
mortality (Lamare & Barker 1999). 
 
4.1.3. Objective 3. Do oxidative biomarkers provide an effective tool for assessing microplastic 
impacts in Pseudechinus huttoni larvae? 
 
Larvae of the sea urchin P. huttoni exposed to high concentrations of microplastics for 10 days  
exhibited a greater degree of oxidative stress than those exposed to controls and low 
concentrations of microplastics, evidenced by increased oxidative lipid and protein damage 
despite increased activities of all the antioxidant enzymes measured. All biomarkers that were 
tested proved to be useful indicators of microplastic exposure, although in general, the 
oxidative damage marker showed the greatest sensitivity as a diagnostic measure. Further 
knowledge concerning baseline antioxidant regulation and accumulation of damage products 
in marine invertebrate larvae would be beneficial. Nevertheless, the use of oxidative stress 
biomarkers proved successful in detecting the occurrence of microplastic-induced stress in P. 
huttoni larvae in the present study. 
 
4.2. Future directions 
 
Laboratory experiments assessing microplastic ingestion and the associated effects are carried 
out in controlled conditions, where marine organisms are exposed to known concentrations of 
particles. Applying results from these experiments to the natural marine environment is 
challenging, as marine organisms are exposed to multiple stressors. In this thesis, experiments 




observed responses might not necessarily occur in the natural marine environment, where 
larvae are exposed to a broad range of structurally heterogenous microplastic or irregular shape 
and size, in addition to further associated stressors.  
 
To further improve microplastic exposure research in the marine environment, it would be 
beneficial to assess in situ responses of marine organisms by conducting experiments in known 
contaminated sites with high concentrations of microplastics, as determined by prior surveys. 
Similar studies have been conducted on marine invertebrate larvae to assess the future effects 
of ocean acidification, whereby larvae are reared within modified falcon tubes with 63 μm 
mesh windows in naturally occurring CO2-vent systems (i.e. Lamare et al. 2016). Limitations 
would still apply to this type of experiment, for example disruption of the natural movement 
of larvae through the water column. Additionally, it would be difficult to solely attribute 
adverse effects to microplastic exposure as many environmental factors could directly or 
indirectly influence responses of the larva, and therefore establishing cause and effect 
relationships could prove problematic.  
 
Research investigating the impacts of microplastics on marine biota has typically been via 
single stressor studies, while investigations into the cumulative and interactive impacts of 
multiple stressors is largely unknown, despite the fact that marine organisms are almost always 
simultaneously exposed to multiple anthropogenic stressors (Crain et al. 2008). The combined 
effects of microplastic ingestion and temperature have been investigated in juvenile fish 
(Ferreira et al. 2016) and cladocerans (Jaikumar et al. 2018), however there are no studies 
investigating the interactive effects of ocean warming, ocean acidification and microplastic 
ingestion, despite being critical environmental issues affecting the marine environment. 
Microplastic pollution is considered to be a worldwide issue with predicted increases in 
abundance over time (Jambeck et al. 2015). In combination with known stressors such as CO2-
induced acidification and temperature, both of which are also predicted to increase (Gattuso et 
al. 2015), it will be crucial to understand multi-stressor effects of global issues on marine 
organisms. For example, depletion of stratospheric ozone has resulted in changes in the levels  
of UV radiation reaching the earth’s surface (Williamson et al. 2014). UV radiation has been 
found to induce oxidative damage in sea urchin larvae (Lister et al. 2010) and is also known to 
cause degradation of microplastics potentially resulting in additive leaching out of the plastics 
(Cole et al. 2011). Furthermore, decreased seawater pH has shown to decrease gastric pH in 




et al. 2013). This impairment in larval digestion due to ocean acidification could influence 
ingestion and retention of microplastics. If microplastic exposure is not considered in 
combination with stressors, for example those related to climate change, the effects of exposure 
may be underestimated. Therefore, designing multifactorial experiments is likely to facilitate 
a greater understanding of interactions. 
 
A major challenge in microplastic exposure experiments is the concentrations of particles used. 
A common argument made within the literature is that microplastic concentrations used in 
experiments are not environmentally realistic. However, the small microplastics used in the 
present study are far below the size robustly characterised and quantified in the marine 
environment (Table 1.2), and therefore potentially underestimated. Until these smaller 
microplastics are quantitatively sampled in marine surveys, it should not be assumed that these 
high concentrations are unrealistic. Regardless, there needs to be a starting point in assessing 
the toxicity of these smaller particles, even when environmental concentrations are unknown.  
 
A further challenge is the type of microplastic used in exposure experiments. As previously 
mentioned, the present study exposes larvae to virgin spherical microplastics with a specific 
diameter size range, whereas in the marine environment larvae are exposed to a range of 
structurally heterogenous microplastics (Choi et al. 2018), often with accumulated biofilms 
(Oberbeckmann et al. 2015) and adsorbed chemicals (Ziccardi et al. 2016). Additionally, the 
present study utilised microplastics at the smaller size range, however, nano-sized microbeads 
can permeate cell membranes with higher bioavailability and have been shown to generate 
stronger oxidative stress compared to micro-size microbeads (Jeong et al. 2017). Future studies 
would therefore benefit from including microplastics of varying size and shape for exposure 
experiments, in addition to considering different chemical properties and biological 
modifications of the particles. 
 
Due to experimental limitations, the filtered seawater was unable to be changed as would be 
recommended when rearing sea urchin larvae under laboratory conditions (Lowe & Wray 
2000). Treatments could be re-dosed with microplastics following a water change, however 
this would unlikely remove larger pieces of detritus. As detailed in Chapter 2, microplastics 
were often seen to adhere to detritus, therefore it is unlikely the concentrations would remain 
constant over the experimental period if they were not entirely removed. It is unclear whether 




manner but if so, it is likely the microplastic concentration available to larvae suspended in the 
water column decreased over time. Further studies assessing aggregation of microplastics on 
detritus in the marine environment would be beneficial to understand whether this may reduce 
the number of microplastics within the water column, and thus be available in high abundances 
to grazers consuming detritus. Additionally, it would be beneficial to determine if this 
adherence occurs consistently across all plastic types and which organic matter it adheres to. 
There also may be implications to this observed aggregation in developing methods to remove 
microplastics from the marine environment. 
 
The literature on the impact of microplastic exposure on marine invertebrates is mostly based 
on short-term experiments. An importation limitation of the exposure study within this thesis 
was its short-term nature, where responses were examined over 10 days (7 to 17 dpf). In 
addition to the common short-term duration of microplastic exposure experiments, they tend 
to focus on only one life-history stage. P. huttoni larvae at 12–14°C, complete development 
and metamorphose after approximately 56 days (McClary & Sewell 2003), and it is possible 
that microplastic exposure over a longer experimental period could detect a wider range of 
responses. For example, rudiment regression and complete resorption as a response to 
starvation has been investigated during the larval stage in sea urchins (Singh et al. 2018). It has 
been suggested that regression of sea urchin rudiments might provide means of buffering 
development during unfavourable conditions and likely allows for larvae to reclaim energy 
from rudiments to sustain viability (Singh et al. 2018). Exposing sea urchin larvae at this stage 
of development to microplastics may be useful in understanding how later stages of larval 
development are affected by microplastic exposure. If larvae are ingesting microplastics and 
therefore not consuming an adequate amount of microalgae, regression in larval structures 
required for metamorphic competence and settlement may occur. Limitations in the 
experimental set-up used in the present study meant larvae could not be reared to the 
developmental stage where rudiments would be present. Improvements in the experimental set-
up, allowing the seawater to be changed, would permit longer exposure periods and could 
provide further insight into the effects of microplastic exposure on all larval stages of sea urchin 
development.  
 
Previous studies have suggested stressor-induced developmental abnormalities in the early life 




ceases, for example embryos exposed to UV radiation (Amemiya et al. 1986; Bonaventura et 
al. 2005) and trace metals (Russo et al. 2003; Morroni et al. 2018). Contradictorily, some 
studies have suggested irreversible damage can occur through exposure to stressors, including 
exposure of embryos to UV radiation (Nahon et al. 2009). The reversibility of effects related 
to microplastic exposure was not investigated in the present study and future research could 
assess the potential for this process to occur. 
 
There are few studies investigating the effect of microplastic exposure on metamorphosis of 
marine invertebrate larvae, and no studies exist using sea urchin larvae as model organisms. 
Messinetti et al. (2018) found metamorphosis was significantly slowed down when juveniles 
of the ascidian Ciona robusta were exposed to microplastics compared to controls. Lo and 
Chan (2018) found larvae of Crepidula onyx settled earlier at a smaller size when exposed to 
microplastics and suggested this developmental alteration could adversely affect post-
settlement success. Furthermore, Lo and Chan (2018) investigated the impact of microplastic 
exposure during early development on post-metamorphic stages, a process termed legacy or 
carry-over effect. It was found that individuals exposed to microplastics during their larval 
stage continued to have a decreased growth rate than those in the control treatment even if 
microplastics had been absent in their rearing containers for 65 days, revealing a legacy effect 
of microplastic exposure. Future research may benefit from investigating the effects of long-
term microplastic exposure and how settlement stages of sea urchin larvae could be affected. 
Additionally, it may be beneficial to investigate the potential for exposure to microplastics in 
early life stages to impact reproduction or fitness of offspring.  
 
The results presented in this thesis suggest that antioxidant defences and oxidative damage are 
influenced by short-term exposure to microplastic in larvae of the sea urchin P. huttoni, and 
indicate oxidative stress may be useful as biomarkers for assessing microplastic pollution in 
the marine environment. Future research in this area would benefit from using a broader suite 
of markers than those employed in the present study and should also aim to include a wider 
variety of marine invertebrate larval species. Despite this, results from this thesis provide 
preliminary data for further evaluation of the relationship between microplastics and marine 
invertebrate larvae. Further studies are required to obtain accurate assessments of the effects 
of microplastics and the corresponding molecular mechanisms, as the mechanisms underlying 
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Table A1. Results of a generalised linear model with quasibinomial distribution for the effects 
of microplastic concentration (treatment) and days post-fertilisation (dpf) on the percentage of 
Pseudechinus huttoni larvae (7 and 14 dpf) with ingested microplastics. Bold values indicate 
statistical significance.  
 Estimate Standard error T value Pr(>|t|) 
Treatment 1.981e-04 1.622e-04 1.221 0.23213 
dpf 1.581e-01 1.059e-01 1.492 0.14686 
dpf : Treatment 1.310e-05 1.383e-05 0.947 0.35174 
 
 
Table A0. Results of a generalised linear model with quasibinomial distribution for the effects 
of microplastic concentration (treatment) and days post-fertilisation (dpf) on the percentage of 
Pseudechinus huttoni larvae (7 and 14 dpf) with ingested microplastics. Bold values indicate 
statistical significance.  
 Estimate Standard error T value Pr(>|t|) 
Treatment 3.492e-04 5.033e-05 6.938 <0.001 *** 




Table A3. Results of a generalised additive model with a zero-adjusted inverse Gaussian 
distribution for the effects of microplastic treatment and days post-fertilisation (dpf) on the 
mean number of ingested particles per Pseudechinus huttoni larva (7 and 14 dpf). Bold values 
indicate statistical significance. 
 df Likelihood ratio test P-value 
Treatment 3 47.96 <0.001*** 




Table A4. Results of a linear mixed model ANOVA for the effects of day and treatment on the 
density of Pseudechinus huttoni larvae. Bold values indicate statistical significance. 
 df Sum Sq Mean Sq F value Pr(>F) 
Day 3 31.2126 10.4042      13.6580 <0.001 *** 
Treatment 4 1.0636 0.2659  0.3491  0.8416 






Table A5. Results of a linear mixed model ANOVA for the effects of day and treatment on the 
mean post-oral arm length of Pseudechinus huttoni larvae. Bold values indicate statistical 
significance.  
 Df Sum Sq Mean Sq F value Pr(>F) 
Day 3 1999330 666443 442.6925 <0.001 *** 
Treatment 4 2523 631 0.4191 0.7944     
Day : Treatment 12 9801 817     0.5425 0.8803 
 
Table A6. Results of a linear mixed model ANOVA for the effects of day and treatment on the 
mean pre-oral arm length of Pseudechinus huttoni larvae. Bold values indicate statistical 
significance.  
 Df Sum Sq Mean Sq F value Pr(>F) 
Day 3 729701 243234 272.3034 <0.001 *** 
Treatment 4 6033 1508 1.6884 0.1608     
Day : Treatment 12 6432      536    0.6000 0.8360    
 
Table A7. Results of a linear mixed model ANOVA for the effects of day and treatment on the 
total length of Pseudechinus huttoni larvae. Bold values indicate statistical significance.  
 Df Sum Sq Mean Sq F value Pr(>F) 
Day 3 2045765   681922      422.3010 <0.001 *** 
Treatment 4 4154     1038      0.6431 0.6334     
Day : Treatment 12 18061     1505     0.9321 0.5198   
 
Table A8. Results of a linear mixed model ANOVA for the effects of day and treatment on the 
post-oral arms gap of Pseudechinus huttoni larvae. Bold values indicate statistical significance.  
 Df Sum Sq Mean Sq F value Pr(>F) 
Day 3 582351   194117      136.0756 <0.001 *** 
Treatment 4 17849     4462      3.1281 0.03763 *   







Table A9. Results of a linear mixed model ANOVA for the effects of day and treatment on the 
body length of Pseudechinus huttoni larvae. Bold values indicate statistical significance.  
 Df Sum Sq Mean Sq F value Pr(>F) 
Day 3 114911    38304      324.7222 <0.001 *** 
Treatment 4 2791      698      5.9157 0.00261 ** 
Day : Treatment 12 2700      225     1.9075 0.05136  
 
 
Table A10. Results of a linear mixed model ANOVA for the effects of day and treatment on 
post-oral arms:body length (PO:BL) of Pseudechinus huttoni larvae. Bold values indicate 
statistical significance.  
 Df Sum Sq Mean Sq F value Pr(>F) 
Day 3 6.4333 2.14442          357.2649 <0.001 *** 
Treatment 4 0.0074 0.00184      0.3064 0.8703     
Day : Treatment 12 0.0377     0.00315     0.5241 0.8908   
 
 
Table A11. Results of a linear mixed model ANOVA for the effects of day and treatment on 
post-oral arm asymmetry (%) (log-transformed) of Pseudechinus huttoni larvae. Bold values 
indicate statistical significance. 
 df Sum Sq Mean Sq F value Pr(>F) 
Day 3 1.53127 0.51042      25.9309 <0.001 *** 
Treatment 4 0.35271 0.08818      4.4796   0.002565 ** 












Table A12. One-way ANOVA on concentrations of enzymatic defence markers superoxide 
dismutase (SOD), glutathione peroxidase (GPx), and catalase (CAT) in whole body tissues of 
Pseudechinus huttoni larvae exposed to different concentrations of microplastics for 10 days. 
Bold values indicate statistical significance. 
































Table A13. Results from Kruskal-Wallis tests on oxidative damage markers (protein carbonyls 
and lipid peroxides) in whole body tissues of Pseudechinus huttoni larvae exposed to different 
concentrations of microplastics for 10 days. Bold values indicate statistical significance. 
Parameter df P-value 
Protein 
carbonyls 
4 
 
0.0016 ** 
Lipid 
peroxides 
4 
 
<0.001 *** 
 
